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ABSTRACT 
Solution processable semiconducting polymers have been under intense investigations due to 
their potential applications in large-area printed electronics from solar cells to biomedical devices. 
However, controlling the multiscale morphology and device performance of printed polymer thin 
films remains a key challenge. This is largely due to the disparity in time scales of polymer 
assembly and high-throughput manufacturing. Designing novel substrate/ink interfaces to induce 
crystallization is particularly a promising strategy to address this challenge given that 
heterogeneous nucleation is energetically more favorable than that of the bulk. 
Dynamic surfaces play a critical role in templating highly ordered complex structures in living 
systems (e.g., biomineralization). This strategy is rarely employed for directing assembly of the 
synthetic functional materials. In my thesis, I introduce the concept of dynamic templating to 
expedite polymer nucleation and address the kinetic mismatch between polymer crystallization 
and high-speed solution coating. The solid-state properties of the dynamic-templated films are 
comprehensively characterized and correlated to the template properties. 
I designed an ionic-liquid-based dynamic template compatible with solution coating and 
fabricated highly ordered polymer thin films over large area (>1cm2). Dynamic-templated films 
showed 2 orders of magnitude increase in domain size, over 10 times higher in-plane backbone 
alignment and dramatic out-of-plane order compared to the static substrates. These results were 
independent of coating conditions and led to 2-fold enhancement of hole transport mobility. 
Simulation results suggest that surface reconfigurability is key to promoting template–polymer 
interactions. The result of such enhanced interaction is lower nucleation barrier and expedited 
crystallization process which is responsible for the improved morphological characteristics. 
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I further established the dynamic-template-directed assembly design rules revealing the critical 
role of template dynamics and chemistry to promote template-polymer interactions. I demonstrated 
that the concept of dynamic templating can be expanded to other non-ionic templates. However, 
the effectiveness of the templates is governed primarily by the strength of template-polymer 
interactions measured directly via adsorption enthalpy. Increasing template-CP interactions leads 
to larger domains, higher alignment and crystallinity as well as enhanced device performance even 
at very high coating speeds (0.1 m.s-1).  
Finally, I designed the second-generation dynamic templates using ion gels with widely tunable 
dynamics via chemical composition. By modulating template properties, I systematically 
modulated the degree of alignment over 55 times and increased crystallinity >49%. 
Correspondingly, charge transport was improved by up to 4 and 11 times along both polymer 
backbone and π-π stacking direction, respectively. Apparent hole mobilities exceeded 3.0 cm2V-
1s-1 which is way higher than the minimum required performance to use in commercial displays. 
Intriguingly, I discovered a synergistic effect between the gel components that produces enhanced 
templating effect outperforming the neat components. Our experimental and computational studies 
suggest complementary multivalent interactions to be responsible for this synergy. The generality 
of this notion is confirmed by designing multicomponent templates and analyzing polymer thin 
film morphology. Our methodology and mechanistic understanding have broad implications, given 
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CHAPTER 1: INTRODUCTION 
1.1 CONJUGATED POLYMERS FOR ORGANIC ELECTRONICS 
Printed organic electronics has emerged as a new technology promising to revolutionize 
electronics manufacturing. Organic semiconductors (OSCs) including conjugated small 
molecules and polymers have been demonstrated to be solution processable at low temperatures 
which enable low-cost and large-scale manufacturing of flexible, light-weight and biointegrable 
devices. This is in contrary to the conventional inorganic semiconductors (silicon, gallium 
arsenide, etc.) which are produced by costly high-temperature vacuum deposition methods. 
Robust mechanical flexibility and versatile chemical structure offered by conjugated polymers 
(CPs) make them great candidate for the active materials in thin film transistors1-3, solar cells4-6, 
light-emitting diodes7-9, thermoelectrics10 and sensors11-14. Despite over six order of magnitude 
improvement in charge transport mobility thanks to molecular engineering3, it is well-known 
that electronic properties of CP-based devices critically depend on the thin film morphology 
from molecular to macroscopic scale15-16. Controlling intermolecular ordering at the molecular 
level17-18, crystallite size at mesoscale19 and macroscopic domain alignment20-25 and relative 
crystallinity26-27 resulted in up to orders of magnitude modulation of carrier transport in CP films. 
However, high-throughput solution coatings are often operated at highly non-equilibrium 
conditions and controlling these morphological parameters all at once remains a critical 
challenge. Resultantly, printed CP thin films often exhibit low degrees of molecular ordering 
and crystallinity as well as poor macroscopic alignment28-30 which significantly hinder their 
device performance and commercial viability as well as understanding the structure−property 
relationships. 
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The non-ideal morphologies of CP thin films originate from low intermolecular interactions 
mainly due to polymers high degrees of conformational freedom18, 31. As a result, nucleation free 
energy barrier is high and polymer crystallization is very slow (minutes to hours) leading to CP 
thin films with complex solid-state microstructures containing a mixture of amorphous 
(disordered) and ordered phases. Higher structural disorder in CP films introduces more charge 
traps and limits performance of polymer-based devices18. To address this challenge several 
studies have suggested long mechanical rubbing and annealing as well as confining the CP 
solution in substrates with nanogrooves to enhance charge transport mobility by inducing 
macroscopic alignment22, 25, 32-33. However, none of these methods are suitable for high-
throughput solution processable manufacturing which is the main advantage of semiconducting 
polymers. Scalable techniques ideally require one-step rapid fabrications (without long post-
processing) such as roll-to-roll (R2R) printing34. This means that CP crystallization needs to be 
expedited and happen in less than seconds. Thus, it is crucially necessary to address the kinetic 
mismatch between slow polymer assembly and fast solution coating techniques. 
Flow-directed crystallization is an effective method to modulate OSC crystallization kinetics 
and finely tune thin film morphology35. Janneck et al. used a zone-casting setup to deposit 
organic small molecules and found that an optimal coating speed for obtaining aligned large 
single-crystalline domains is in a window around the equilibrium front evaporation speed36. 
However, the assembly process for conjugated polymers is more complex as mentioned 
previously and modulating printing parameters is not sufficient for matching polymer nucleation 
and solvent evaporation. Several studies employed scalable flow-directed crystallization of pre-
aggregated liquid crystalline (LC) CPs to expedite polymer crystallization and improve 
macroscopic alignment. These methods commonly anneal the printed films to temperatures near 
3 
LC phase (~200°C)23, 37 or using pre-aggregated solutions20-21, 38 to improve CP molecular order. 
Bucella et al.20 employed pre-aggregated solutions employing a scalable bar coating technique 
to macroscopically align LC CPs, without any post-processing. As a result, they obtained highly 
ordered thin films with exceptional anisotropic electron transport mobilities over a large area (>1 
cm2). Schott et al.21 fabricated highly aligned LC CP thin films via flexible blade-coating with 
superior hole mobilities. Authors ascribed this to the synergy of the pre-aggregation (induced by 
the choice of solvent) and the shear forces applied by the flexible blade at relatively low coating 
speeds (0.1 mm.s-1). Chang et al.38 used combination of UV irradiation and solution aging to 
induce aggregation in polythiophene derivatives which was then deposited by MGC. They 
obtained well-aligned nanowire films with hole mobility enhanced 33-fold compared to the spin 
cast ones. Despite these notable progresses, the interplay between solution coating parameters 
such as solvent and CP choice, coating speed and substrate properties with the printed film 
multiscale morphology is not well-understood. Moreover, it is crucial to develop one-step 
material-agnostic methods (independent of pre- or post-processing) applicable universally to all 
CPs (with and without LC phase). 
1.2 SURFACE-INDUCED CRYSTALLIZATION 
Surface-induced crystallization is critical to the assembly of many hierarchical structures given 
the lower nucleation free energy barrier of heterogenous nucleation39. Correspondingly, surface 
properties would determine the solid-state properties by influencing the nucleation and/or 
growth40-42. Traditionally, polymer surface-induced crystallization from melt and solution has 
been studied demonstrating the importance of surface-polymer interactions43-44. CP 
crystallization during solution coating sensitively depends on a range of substrate surface 
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characteristics45-46. These parameters generally include substrate nanoscale topology47-48 surface 
energy and chemistry26, 49-55. 
Chabinyc et al.48 studied the effect of surface roughness on a polythiophene thin film formation 
and observed that smoother films on octyltrichlorosilane (OTS)-treated substrates lead to larger 
domains and higher degree of in-plane and out-of-plane molecular ordering. As a result, 
modulating surface roughness led to over an order of magnitude change in field-effect transistor 
(FET) performance. Jung et al.47 essentially studied the same system and observed even a larger 
substrate-dependent morphology and performance. It should be noted that in both of these studies 
the active layer of FETs was directly and negatively affected by the surface roughness (rougher 
films introduce more interfacial trap density) and morphology was not the only factor. 
While changing surface nanotopology and physical characteristics mainly influence wetting 
properties and evaporation kinetics, changing surface chemical composition can modulate 
pairwise intermolecular interactions. According to classical nucleation theory, the total free 
energy change to nucleation (ΔGNucleation) is generally expressed as
39: 
𝛥𝐺𝑁𝑢𝑐𝑙𝑒𝑎𝑡𝑖𝑜𝑛 = −𝑉𝛥𝐺𝑉 + 𝐴𝛥𝐺𝐴        (1-1) 
wherein ΔGV is the excess free energy per volume between bulk solid and solvated solute, 
which provides the driving force for nucleation, and ΔGA is the excess free energy per surface 
area between the surface and the bulk of the nucleus, which is the penalty to forming a nucleus 
(Figure 1-1). 
 
Figure 1-1. Schematic of surface-induced nucleation from solution. Pairwise interactions between 




In the case of heterogeneous nucleation, ΔGA depends on the pairwise interfacial free energies 
between nucleus, substrate, and solvent (γsubstrate-solvent, γpolymer-solvent, γsubstrate-polymer), and is 
therefore highly sensitive to substrate surface energy. On the other hand, ΔGV is independent of 
the substrate. Therefore, we only consider the penalty term, ΔGA. For the thin film case, when a 
two-dimensional nucleus forms on the substrate (with contact area A) from a dilute solution, the 
changes in interfacial free energies of the system (AΔGA) are brought by the removal of the 
substrate-solvent interface (-Aγsubstrate-solvent) and the creation of two new interfaces, solvent-
polymer and polymer-substrate interfaces (Aγpolymer-solvent + Aγsubstrate-polymer). Note that the 
contact areas between all three pairs are equivalent for the thin film geometry. Therefore, 
𝛥𝐺𝐴 = 𝛾𝑝𝑜𝑙𝑦𝑚𝑒𝑟−𝑠𝑜𝑙𝑣𝑒𝑛𝑡 + 𝛾𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒−𝑝𝑜𝑙𝑦𝑚𝑒𝑟 − 𝛾𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒−𝑠𝑜𝑙𝑣𝑒𝑛𝑡  (1-2) 
Based on equation 1-2, the higher the CP-template interaction is the higher their work of 
adhesion would be and in result interfacial energy between the two (𝛾𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒−𝑝𝑜𝑙𝑦𝑚𝑒𝑟) become 
smaller. Accordingly, smaller 𝛾𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒−𝑝𝑜𝑙𝑦𝑚𝑒𝑟 drive down the nucleation penalty ΔGA and 
expedite polymer crystallization. Thus, time-scale mismatch would be alleviated and the degree 
of crystallinity of CP thin films would improve. 
Many studies utilized non-polar self-assembled monolayers (SAM)-treatment of silicon or 
glass substrates to enhance CP morphology facilitated by favorable Van der Waals alkyl-alkyl 
interactions26, 49-61. One of the most studied SAMs for deposition of CPs is 
octadecyltrichlorosilane (ODTS). Separate study of two different CP (P3HT and PBTTT) 
established that in-plane and out-of-plane molecular ordering as well as meso-scale domain size 
of spin cast thin films dramatically improved for films coated on ODTS-SiO2 compared to bare 
SiO2
62-63. Out-of-plane X-ray measurements verified that highly oriented crystallites are in the 
buried substrate-film interface verifying the surface-induced crystallization. Recently, we 
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studied the role of surface energy in in guiding crystallization of solution coated conjugated 
polymer thin films26 by systematically varying the substrate surface energy via surface 
functionalization techniques. Our in-depth morphology characterizations showed that decreasing 
the substrate surface energy progressively increases CP thin film degree crystallinity and 
alignment. As a result, ODTS substrate with the lowest surface energy enhanced hold mobility 
in FETs up to an order of magnitude. We further developed a generic free energy model using 
equation 1-2 validating that lowest free energy barrier to heterogeneous nucleation from solution 
is associated with ODTS-treated substrate. Other works studying the relationship between 
substrate surface energy and CP thin film morphology and transport properties are in agreement 
with these results regardless of deposition method
50, 59, 62-63. 
Substrate chemistry and therefore the strength of CP-substrate interaction can also change out-
of-plane crystallization during solution coating of CPs. For instance, Kim et al.57-58 found out 
that P3HT out-of-plane molecular orientation can be modulated by using different SAM-treated 
substrates due to various substrate-polymer interactions. CPs adopted ‘edge-on’ orientation on 
amine SAMs, in contrast to ‘face-on’ orientation on alkyl SAMs. Authors identified that the 
repulsive interaction between amine lone pair electrons and the thienyl moieties in P3HT 
backbone led to ‘edge-on’ stacking, while the π−H interactions between P3HT and alkyl SAMs 
resulted in ‘face-on’ stacking. Another example is described by Kim et al.52 , where they showed 
that strong graphene-conjugated backbone interactions drive P3HT molecules during spin-
coating to pack with ‘face-on’ conformation rather than ‘edge-on’ orientation adopted on glass-
coated films. Their computational studies verified this notion by showing that substrate-CP 
interaction is significantly higher when P3HT adopt ‘face-on’ orientation. Although these 
methods improved our understanding of substrate-induced crystallization significantly, none of 
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them can be used to print high throughput flexible electronics. Therefore, it is necessary to 
develop novel interfaces which can either be flexible or work as sacrificing layer to enable 
transferring the printed films to plastic substrates. 
1.3 DYNAMIC SURFACES 
Surface-induced molecular self-assembly is central to construction of wide range of 
hierarchical structures in biological systems as well as electronics and pharmaceuticals 
manufacturing. Thus, rational design of novel interfaces to template molecular organization and 
phase transition is crucial for fabrication of next generation of functional materials. Traditionally, 
precisely patterned rigid substrates are employed for templating highly crystalline materials64-65 
which is challenging to expand to most molecular systems. Comparatively, living systems use 
dynamic surfaces capable of strong cooperative interactions by reconfiguring their structure 
relative to the assembly media. A well-known example of this phenomenon is biomineralization 
process66-68, where the assembly of highly ordered structures is guided by disordered dynamic 
biopolymeric templates. The surface reconfigurability is critical to dynamic-template-directed 
assembly, wherein template surface would rearrange autonomously and cooperatively in 
response to the assembling media in its vicinity to enhance intramolecular interactions. In other 
words, dynamic surfaces can reorganize its components in response to a specific molecular signal 
to trigger and direct the corresponding assembly process and ensuing phase transition by 
interacting selectively with the assembling media. This design concept led to development of 
responsive smart surfaces capable of modulating their interfacial properties such as wettability, 
adhesion, antifouling and surface mobility in response to external stimuli69-71. 
Dynamic reconfigurable templates have rarely been studied for organic semiconductor 
crystallization. Kim et al.72 controlled a small molecule (pentacene) thin film grain size during 
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vapor deposition by tuning polymer substrate viscoelastic properties by changing deposition 
temperature. Authors suggested that after a certain temperature (closely related to surface glass 
transition temperature (Tg,s)), which is intrinsic to each template, highly mobile polymer chains 
significantly increase nucleation density and disrupt formation of large crystalline grains. In 
contrast, films deposited on rigid substrates had a monotonic increase of grain size with 
increasing temperature. Floating film transfer (FFT) method is a strategy to induce macroscale 
alignment in CP thin films via spreading the polymer solution over a passive liquid bath24, 73-75. 
FFT method works by drop casting the solution on liquid templates such as hydrogen-bonded 
and ionic liquid followed by annealing to high temperatures (above liquid crystalline phase 
transition) and/or mechanically compressing the film. The second step is designed to facilitate 
CP rearrangement into more ordered structures. Authors attributed the key factor in FFT method 
to the high mobility of free liquid surfaces. However, the role of template-CP interactions and 
how template dynamics and chemistry can impact CP assembly and resulting thin film 
morphology is not considered. 
In my thesis, inspired by reconfigurable surfaces in living systems, I introduce the concept of 
dynamic templating for directing crystallization-triggered multiscale assembly of donor-
acceptor semiconducting polymers (chapter 2). I demonstrate this concept by designing an ionic 
liquid-based dynamic template compatible with large-area solution coating (Figure 1-2). 
Crystallization of three model CPs were investigated comparing solid-state properties of 
dynamic templates with static ODTS-treated SiO2. My comprehensive multiscale morphology 
characterizations showed significantly improved molecular order and crystallinity of the 
polymer thin films coated on dynamic templates compared to static substrates which resulted in 
remarkable charge transport mobility. We propose that strong interaction between dynamic 
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template and CP promoted by reconfigurable surface is responsible for exceptional degrees of 
alignment and crystallinity of dynamic-templated films. 
Chapter 4 is dedicated to developing second-generation gel-based dynamic templates which 
are solution processable and can be used directly as high-capacitance dielectric layer 
(demonstrated by the end of the chapter). By systematically modulating chemical composition 
of the ion gels, we tuned template dynamics and investigated its impact on thin film morphology. 
As a result, CP in-plane and out-of-plane ordering and crystallinity was drastically modulated 
leading to an order of magnitude increase in the carrier mobility. In addition, we discovered an 
exceptional synergistic templating effect between ion gel components resulting in exceptional 
CP morphology properties outperforming the ion gel neat constituents. To better understand the 
working mechanism behind dynamic templating, we used molecular dynamics simulations 
revealing attributing this synergistic phenomenon to the complementary multivalent interactions 
between gel components and CP. 
 
Figure 1-2. Schematic of the dynamic template design. Liquid-infused nanoporous dynamic template 
compatible with large-scale solution coating (schematic not to scale). The black arrow indicates the coating 
direction. In the inset, the concept of dynamic templating is illustrated. The dynamic template restructures 
its surface to interact strongly with the conjugated polymer. As a result, a concentrated layer of polymer is 
formed near the template-solution interface which can potentially expedite polymer nucleation and promote 
the crystallization process. 
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In chapter 5 we used three templates with different functional groups and investigated the 
influence of complementary multivalent interactions on CP crystallization. We hypothesize that 
multivalent interactions, facilitated by rapid template reconfigurability, enhances conjugated 
polymer crystallization to result in higher molecular ordering and alignment. This is proved by 
in-depth morphology studies via several multicomponent systems, showing superior molecular 
order and crystallinity of films coated on template capable of complementary cooperative 
interactions. The generality of these results is demonstrated throughout my thesis by choosing 
three different CPs and various ionic liquids and hydrogen bonded liquid templates.
(I) Part of this work has been published: Mohammadi, E.; Zhao, C.; Meng, Y.; Qu, G.; Zhang, F.; Zhao, X.; Mei, 
J.; Zuo, J.-M.; Shukla, D.; Diao, Y., Dynamic-template-directed multiscale assembly for large-area coating of 
highly-aligned conjugated polymer thin films. Nature Communications 8, 16070 (2017). 
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CHAPTER 2. DYNAMIC-TEMPLATE-DIRECTED CRYSTALLIZATION OF 
CONJUGATED POLYMERS(I) 
2.1 INTRODUCTION 
Template-assisted self-assembly has been an important approach for manufacturing a wide 
range of materials. Most commonly used are epitaxial templates with highly ordered, rigid 
surface structures designed for imposing lattice matching. Due to the stringent requirements on 
template structures, it remains challenging to design epitaxial templates for most molecular 
compounds. Living organisms, however, use an alternative approach which is in stark contrast 
to rigid templates, wherein assembly of highly ordered structures is directed by disordered but 
dynamic templates capable of surface reconfiguration – a strategy often observed in 
biominerialization66-68. Such surface reconfigurability enables cooperative interactions with the 
assembling media to attain a level of morphology control beyond that achieved using rigid 
(static) templates.  
Conjugated polymers have demonstrated potential uses in a diverse range of applications from 
transistors, solar cells, thermoelectrics, light-emitting diodes, to medical devices. Unlike 
traditional electronic manufacturing that requires high temperature and high vacuum, 
conjugated-polymer-based electronics are solution processable and can be printed at near 
ambient conditions to produce flexible, light-weight, biointegrated electronics at low cost and 
large scale2, 76-78. The electronic properties of conjugated polymers are known to be highly 
sensitive to morphology parameters across all length scales15, 79-84. Microscopically, it is well 
established that the extent of order in nanoscopic crystalline/aggregated domains, described by 
paracrystallinity, determines the rate of intermolecular charge hopping and limits the global 
charge transport80. Macroscopic domain alignment has also been shown to enhance charge 
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transport by a few times to over an order of magnitude83, 85-87. Although aligned polymer thin 
films have been achieved via mechanical rubbing88 or slow drying on grooved surfaces33, 85, 
printed/coated polymer thin films frequently exhibit low degrees of alignment and poor 
molecular ordering28-29, 89. We ascribe this phenomenon to the time-scale mismatch between 
sluggish polymer crystallization and assembly (minutes to hours) and high-speed coating 
(seconds). Methods to address the kinetic mismatch issue include using an pre-aggregated 
polymer solution during bar-coating82, and employing liquid-crystalline polymers during 
meniscus-guided coating (MGC)82-83, 86, 90. Despite these advancements, material-agnostic 
methods for controlling morphology across multiple length scales at once during coating/printing 
is still needed, not only to enable large-scale manufacturing of high-performance devices, but 
also for elucidating charge transport mechanism in conjugated polymers. 
In this part of my thesis, I demonstrate the concept of dynamic templating compatible with 
large area solution coating for directing crystallization-triggered multiscale assembly of 
conjugated polymers. The dynamic templates are constructed from ionic liquid hosted in 
nanoporous media. Two donor-acceptor (D-A) polymers are studied, DPP2T-TT with 
diketopyrrolopyrrole acceptor and thienothiophene donor and PII-2T with isoindigo acceptor co-
polymerized with bithiophene donor. Both polymers belong to families of high-performance D-
A polymers under intense investigations recently91-92. For both systems, our method dramatically 
enhances thin film morphology from molecular to macro- scale to yield highly aligned, highly 
ordered polymer thin films not attainable by simply varying the coating conditions and substrate 
surface chemistry. Molecular dynamic (MD) simulations suggest that the dynamic nature of the 
template is critical to the observed enhancement in morphology. We hypothesize that the 
dynamic template can adjust its surface chemistry and conformations to maximize favorable 
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interactions with the conjugated polymer, thereby lowering the free energy barrier to polymer 
crystallization. We note that, coincidentally, ionic liquid has been previously employed as a 
supporting media for mechanical compression of conjugated polymers to attain alignment87. This 
previous work is conceptually different from our approach, as the ionic liquid served solely as a 
passive free surface with low volatility to support the mechanical compression process. 
Moreover, annealing the polymer films to liquid-crystalline transition point seems to play a 
critical role in rearrangement of polymer chains into highly aligned structures.  
2.2 RESULTS AND DISCUSSION 
Dynamic Template Design. The molecular structures of the D-A polymers, DPP2T-TT and 
PII-2T, and the room temperature ionic liquid (IL), 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]), used in this study are shown in Figure 2-1a. 
The dynamic template is constructed by infiltrating the IL in a nanoporous matrix, enabling us 
to implement solution coating on a liquid surface in the same fashion as on a solid substrate 
(Figure 2-1b). Specifically, we used anodized aluminum oxide (AAO) with 200 nm through-
pores as the porous host. We note that without the nanoporous matrix, meniscus-guided coating 
cannot proceed on a liquid surface, due to large surface deformation driven by the capillary force 
between the liquid and the coating blade. We verified experimentally that [EMIM][TFSI] is 
practically immiscible with the polymer ink solution in chloroform in the short time frame of 
solution coating, which is further supported by MD simulations (shown later). During coating, 
capillary force imparted by AAO nanopores retains the IL in place, while an IL wetting layer 
forms on top of the substrate that separates the ink solution and the AAO host93.  
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Figure 2-1. Dynamic template design for meniscus-guided coating. (a) Molecular structures of ionic 
liquid [EMIM][TFSI] and conjugated polymers DPP2T-TT and PII-2T, where R is the alkyl chain for 
both polymers. (b) Schematic (not to scale) of MGC on the IL/AAO dynamic template. The black arrow 
indicates the coating direction. In the inset, part of the IL wetting layer is artificially removed to reveal 
the nanocomposite structure. 
 
Next, we derived the stability criteria and verified that the IL-wetted hybrid template is 
energetically stable during solution coating owing to the high aspect ratio of AAO and the higher 
surface tension of IL relative to the ink solution (Figure 2-2). To ensure the compatibility of the 
AAO/IL hybrid dynamic template with the solution coating process, the porous AAO membrane 
must be stably infiltrated by IL (Configuration 1). Otherwise, the polymer ink solution may replace 
the IL during coating (Configuration 2). In other words, the IL-infiltrated AAO covered by the ink 
solution represents a lower free energy state than the ink-infiltrated AAO covered by the IL. We 
assume that IL forms a wetting layer on top of the AAO membrane (i.e., H > h) shown in 
Configuration 1, and the surface tension of the polymer solution is comparable to that of the solvent 
given the low polymer concentration (~1 w%) and low molecular weight (Mn=20.8 kg.mol-1). The 
energy for each configuration can be expressed as, 
𝐸1 = 𝐴𝑆𝛾𝐴𝐴𝑂−𝐼𝐿 + 𝐴𝑃(𝛾𝐶𝐹−𝐼𝐿 + 𝛾𝐶𝐹−𝐴𝑖𝑟 + 𝛾𝐼𝐿−𝐺𝑙𝑎𝑠𝑠)   (2-1) 
𝐸2 = 𝐴𝑆𝛾𝐴𝐴𝑂−𝐶𝐹 + 𝐴𝑃(𝛾𝐶𝐹−𝐼𝐿 + 𝛾𝐼𝐿−𝐴𝑖𝑟 + 𝛾𝐶𝐹−𝐺𝑙𝑎𝑠𝑠)   (2-2) 
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Where E1 and E2 represent the total interfacial free energies
93 of configurations 1 and 2. AS and 
AP denote the total membrane surface area and the projected area. By defining aspect ratio R, as 
AS/AP, the energy difference between these two configurations (ΔE) can be calculated, 
𝛥𝐸
𝐴𝑃
= 𝑅(𝛾𝐴𝐴𝑂−𝐶𝐹 − 𝛾𝐴𝐴𝑂−𝐼𝐿) + (𝛾𝐼𝐿−𝐴𝑖𝑟 − 𝛾𝐶𝐹−𝐴𝑖𝑟) + (𝛾𝐶𝐹−𝐺𝑙𝑎𝑠𝑠 − 𝛾𝐼𝐿−𝐺𝑙𝑎𝑠𝑠)   (2-3) 
 
Figure 2-2. Stability of Dynamic Template During Solution Coating. Maintaining configuration 1 
is necessary for coating on the dynamic template. However, if configuration 1 is unstable, the ink will 
replace the IL and configuration 2 will prevail. 
 
Configuration 2 should be always at a higher energy state than configuration 1, or ΔE=E2-E1>0, 
to form a stable template for coating. To further simplify Equation 2-3, we used Young’s 
equation94 and measured the contact angle of [EMIM][TFSI] and chloroform on polished sapphire 
wafer which models the surface chemistry of AAO membrane alumina surface (θIL-AAO=30.5±2.4, 
θCF-AAO=18.9±2.7) and glass slide (θIL-Glass=32.1±1.7, θCF-Glass=13.3±2.0). Therefore,  
𝛥𝐸
𝐴𝑃
= 𝑅(𝛾𝐼𝐿−𝐴𝑖𝑟𝑐𝑜𝑠𝜃𝐼𝐿−𝐴𝐴𝑂 − 𝛾𝐶𝐹−𝐴𝑖𝑟𝑐𝑜𝑠𝜃𝐶𝐹−𝐴𝐴𝑂) + (𝛾𝐼𝐿−𝐴𝑖𝑟 − 𝛾𝐶𝐹−𝐴𝑖𝑟) + (𝛾𝐼𝐿−𝐴𝑖𝑟𝑐𝑜𝑠𝜃𝐼𝐿−𝐺𝑙𝑎𝑠𝑠 −
𝛾𝐶𝐹−𝐴𝑖𝑟𝑐𝑜𝑠𝜃𝐶𝐹−𝐺𝑙𝑎𝑠𝑠)   (2-4) 
I estimated AS for AAO structure as,  
𝐴𝑆 = 𝐴𝑊𝑎𝑙𝑙 + 2𝐴𝑆𝑢𝑟𝑓𝑎𝑐𝑒 = (𝐴𝑃 × 𝑑𝑝𝑜𝑟𝑒 × 2𝜋𝑟𝑙) + 2(𝐴𝑃 − 𝐴𝑃 × 𝑑𝑝𝑜𝑟𝑒 × 𝜋𝑟
2) 
𝐴𝑆 = 2𝐴𝑃 (1 + 𝑑𝑝𝑜𝑟𝑒𝜋𝑟(𝑙 − 𝑟))   (2-5) 




= 2 (1 + 𝑑𝑝𝑜𝑟𝑒𝜋𝑟(𝑙 − 𝑟)) 
= 2 (1 +
1013
𝑚2
× 𝜋 × 0.1 × 10−6𝑚 × (60 − 0.1) × 10−6𝑚) = 378         (2-6) 
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Surface tension of pure [EMIM][TFSI] and chloroform are measured to be 36.2±0.7 mJ/m2 and 
27.5±1.7 mJ/m2 respectively, measured by the pendant drop method. Thus, ΔE/AP will be, 
ΔE
A𝑃
= 378(36.2 𝑐𝑜𝑠(30.5)– 27.5𝑐𝑜𝑠(18.9)) + (36.2 − 27.5) + (36.2 𝑐𝑜𝑠(32.1)– 27.5𝑐𝑜𝑠(13.3))






            (2 − 7) 
These calculations prove the stability of AAO/IL hybrid and establish a generic model for 
predicting the dynamic template stability, applicable to other dynamic liquid and solvent pairs. 
Since IL defines the top surface of the dynamic template, the IL-polymer interaction and 
template dynamics are particularly important for directing polymer crystallization. We chose 
imidazolium-based IL considering its strong ion-π and π-π interactions with D-A polymers, and 
its ultrafast dynamics reported before95-96. Ion-π, and in particular cation-π interaction is among 
the strongest noncovalent interactions, and is prevalent in biological systems97. In our case, large 
polarizability of D-A polymers may lead to particularly strong ion-π interactions with the IL. 
The interaction can be further strengthened by the electrostatic interactions between the cations 
with the strong electron-withdrawing groups in the acceptor unit (DPP) of the polymer backbone, 
likewise for anions with the donor unit (TT). We characterized IL-polymer interactions in the 
solvent environment using 1H NMR, which confirmed that the IL molecules favorably interact 
with the polymer backbone as opposed to the alkyl chains (Figure 2-3). These measurements 
suggest that [EMIM][TFSI] interact with polymer molecules mainly through the π-conjugated 
system which increases the electron-withdrawing effect near the backbone and result in the 
deshielding effect verified by the down-field shift98-100. 
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Figure 2-3. 1H NMR spectrum of DPP2T-TT ([EMIM][TFSI]) solution with and without 
[EMIM][TFSI] (DPP2T-TT). (a) DPP2T-TT (~1 mM), (b) DPP2T-TT:[EMIM][TFSI] (1:100 molar ratio) 
and (c) [EMIM][TFSI] (~100 mM) in deuterated chloroform as the solvent. Down-field chemical shift 
change observed in DPP2T-TT (9.0 to 9.4 ppm) spectrum by adding [EMIM][TFSI] to the solution is 
ascribed to changes in the polymer backbone protons (marked as ci in the represented molecular structure) 
environment due to the presence [EMIM][TFSI] ions. Correspondingly, [EMIM][TFSI] spectrum showed 
significant and consistent shifts in three peaks positions in the polymer-IL mixture compared to the solution 
in absence of DPP2T-TT. Polymer alkyl chain protons (ai and b) didn’t experience any noticeable chemical 
shift by adding [EMIM][TFSI] to the solution. The chemical shifts of the backbone protons indicate 
different chemical environment around the DPP2T-TT conjugated core in the presence of IL while the alkyl 
chain interactions are not influenced by the presence of ions.  
 
(II) Chuankai Zhao and Diwakar Shukla performed the MD simulations. 
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Regarding the reconfigurability time-scale of [EMIM][TFSI], large-scale rearrangements and 
collective motion of the cation and the anion were found to occur on the hundreds picosecond95 to 
one nanosecond time scale96, significantly shorter than the polymer crystallization time scale and 
the overall coating time scale set by solvent evaporation (seconds to minutes). Molecular dynamic 
simulation results further validated the key role of surface reconfigurability on the strong IL-
polymer backbone interactions. 
To validate our design concept and to investigate the effect of template dynamics on IL-
polymer interactions, we performed MD simulations with full atomic details and explicit 
solvents to realistically capture the molecular interactions between IL and polymers in the 
solution environment (Figure 2-4a)(II). Modeling the polymer crystallization process from 
solution is a daunting task given the huge size of the polymer, the long time-scale, and the 
stochastic nature of nucleation. Alternatively, we focus on determining the spatial distribution 
of conjugated molecules with respect to the IL surface in solution, as a measure of the extent of 
interactions between IL and conjugated polymers in the solvent medium. We normalize the 
distribution probability by the bulk value (defined as excess probability) to directly compare the 
spatial distribution of the conjugated molecule near the IL surface with that of the bulk. To reduce 
the computation time to a reasonable time frame, the simulations were performed using 
oligomers (monomers and dimers), and the alkyl chains were removed to capture the major 
interactions between IL and the conjugated core of the polymer. The simulation details are 
included in the Methods section. As Figure 2-4b shows, the distribution probability of the dimers 
at the IL/chloroform interface is significantly higher than that in the bulk solution for both 
systems, with peak excess probability of 6 and 9 for DPP2T-TT and PII-2T respectively. This 
result implies that the dimeric conjugated molecules have strong favorable interactions with the 
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IL surface, forming a concentrated layer near the interface. Distribution probability curves for 
the monomers also exhibit similar trends as shown in Figure 2-4c, albeit with lower peak excess 
probabilities. To further investigate the influence of dynamic properties of IL on its interactions 
with the conjugated molecules, MD simulations were performed on the dimeric DPP2T-TT and 
PII-2T with and without position restraints on IL molecules. When the IL molecules were 
‘frozen’, preferential association of the oligomer with the IL surface almost vanished with peak 
excess probabilities reduced to approximately 1 and 2 for DPP2T-TT and PII-2T respectively 
(Figure 2-4b). This result reveals the critical role of IL template dynamics in promoting its 
interactions with the conjugated molecules, possibly by exposing favorable interaction sites and 
adapting surface structures in response to the association of conjugated molecules. Indeed, 
analysis of the IL radial distribution functions confirms that, in the presence of oligomers, IL 
significantly alters its surface structure to preferentially expose cations to the electronegative 
atoms in the conjugated backbone. While in the absence of oligomers, cations and anions are 
well mixed near the IL-solvent interface (Figure 2-4d-g).  
We acknowledge that approximating polymers with dimer backbones without alkyl chains is 
a limitation of our simulation study given the large system size. Although the side chains do 
influence the polymer-IL interactions by introducing entropic penalty, we expect that the strong 
multivalent interactions between long polymer chains and the IL will overcome the 
conformational entropy loss of the side chain101-102, when full size polymer chains are 
considered. Our 1H NMR results (Figure 2-3) further verified that strong IL-polymer backbone 
interactions drive the association process, despite the presence of long alkyl chains. Simulation 
details are summarized in Table 2-1. 
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Figure 2-4. Molecular dynamic simulations of template reconfigurability effect. (a) Simulation box 
of the MD simulations. The calculated excess probability distributions with respect to the IL surface for 
(b) dimeric and (c) monomeric DPP2T-TT and PII-2T, comparing the cases of dynamic vs. static IL for 
the dimeric simulations. Solvent molecules (chloroform) are omitted for clarity. (d) Snapshots of 
[EMIM][TFSI] ions distribution surrounding the DPP2T-TT backbone in chloroform solution from the 
static IL simulations contributing to the small peaks in the excess distribution probability curve near the 
surface. The cations and anions are all within 5 Å from the backbone and shown in red and blue 
respectively. Radial distribution functions of cations and anions near (b) the oxygen atoms in the carbonyl 
function groups and (c) the sulfur atoms in the thiophene functional groups of the backbone in the 
presence of DPP2T-TT. (d) Radius distribution functions of cations and anions in the pure chloroform 
without DPP2T-TT present. 
(III) Ge Qu performed the GIXD measurements. Yifei Meng and Jian-Min Zuo helped with TEM measurements 
and data analysis. 
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Dynamic-template-directed thin film morphology. We next investigate the effect of 
dynamic templates on multiscale morphology of solution coated conjugated polymer thin 
films(III). We focus on the DPP2T-TT system for in-depth morphology characterizations and 
further validate the concept with a second polymer PII-2T towards the end of the paper. We 
prepared DPP2T-TT thin films via a MGC method103 (Figure 2-1b), on both IL dynamic 
templates and static reference substrates. We employed octadecyltrichlorosilane (OTS) self-
assembled monolayer (SAM) functionalized SiO2 as the reference substrate, which is among the 
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most commonly used dielectrics for fabricating organic field-effect transistors (OFETs) with low 
interfacial trap densities104. For direct comparison with the reference samples, films coated on 
dynamic templates were transferred to OTS/SiO2 substrates for morphology characterizations as 
depicted in Figure 2-5. We first qualitatively characterized the crystallinity and alignment of 
polymer thin films via cross-polarized optical microscopy (C-POM) and atomic force 
microscopy (AFM). We further quantified the degree of global and local alignment combining 
polarized UV–Vis absorption spectroscopy, grazing incidence X-ray diffraction (GIXD) and 
large-area transmission electron microscopy (TEM) mapping. All experimental details are 
summarized in the Methods section.  
 
Figure 2-5. Schematic illustration of the polymer thin film coating and transfer process to OTS 
treated SiO2/Si substrate. In step (i) Coating the polymer thin film on the IL-dynamic template via 
solution coating, then in step (ii) removing the AAO/IL/polymer thin film from glass substrate using a 
Micro Fine Tip Tweezer and flipping it 180°, and in next step (iii) transferring the AAO/IL/polymer thin 
film to the OTS treated SiO2/Si substrate by simply contacting it with the OTS treated SiO2/Si substrate 
(no additional force is needed). Consequently, (iv) we added sufficient amount of water to detach the 
AAO/IL from the substrate by dissolving IL in water (AAO will float in the water after being detached), 
and (v) removed the floated AAO with a tweezer. Finally, we (vi) immersed the transferred film/new 
substrate in water for >3hr to remove the IL residuals. 
 
By means of C-POM and AFM characterizations, we observed that IL dynamic template 
drastically increased crystalline domain size and possibly enhanced polymer global alignment 
across a wide range of film thicknesses studied. Optical birefringence provides a qualitative 
measure of the extent of global chain alignment. We observed total light extinction when the 
coating direction was aligned with either axis of the cross-polarizers (Figure 2-6a), indicating 
that the conjugated backbone is oriented either parallel or perpendicular to the coating direction. 
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Notably higher birefringence of IL-templated films may arise from higher degrees of alignment 
and/or crystallinity compared to the reference films. 
 
Figure 2-6. C-POM and AFM micrographs of IL-templated vs. reference DPP2T-TT films of 
various thicknesses. (a) C-POM images with 100 μm scale bars. The orientation of the cross-polarizers 
is shown as crossed arrows, and the white arrows indicate the coating direction. (b) Tapping mode AFM 
height images (scale bars are 1 μm) for top and bottom surfaces of IL-templated vs. reference films. With 
increasing thickness, the films gradually lose in-plane orientation ordering and become isotropic. Transfer 
methods revealing both template and air contact surfaces s are described in the Methods section. 
AFM images show a dramatic change in mesoscale morphology induced by dynamic templates 
(Fig. 2-6b). The DPP2T-TT films coated on IL surface exhibit (semi)crystalline domains 
hundreds of nanometers wide and microns long, which are more than an order of magnitude 
larger than domains in the reference films. Such stark contrast in morphology persisted across 
the entire thickness of the film, suggested by AFM scans on both top and bottom surfaces of the 
polymer thin films (Figure 2-6b). We also observed a pronounced domain orientational ordering 
in IL-templated films thinner than 100 nm. The orientation ordering was substantially enhanced 
when the film thickness was further decreased to below 25 nm (Figures 2-7a-c), corroborated 
with GIXD results discussed later. Interestingly, IL dynamic template enabled coating of highly 
aligned, highly crystalline ultrathin films of even 3 nm (essentially monolayers which are 
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discussed later in this thesis) not attainable on OTS substrates. Due to inadequate wetting, 
continuous films thinner than 35 nm could not form on OTS under the same conditions. We 
attribute this phenomenon to enhanced wetting on IL (Figure 2-7c). 
 
Figure 2-7. DPP2T-TT ultra-thin films morphology formed on dynamic templates. (a) C-POM 
images of thin DPP2-TT film coated on IL (polarizer orientation is indicated by two perpendicular arrows). 
The white arrow shows the coating direction (all scale bars are 100 μm). (b) AFM height image of thin 
DPP2-TT film coated on IL (all scale bars are 1 μm). Cracks observed for thin films could arise from (1) 
high degree of polymer crystallinity, or (2) the thinness of the film that can cause lower film coverage. (c) 
Concentration vs. thickness comparing films printed on IL and OTS. Evaporation rate is calculated from 
this equation: h=CQevap/ρLv, where h, C, ρ, L, v and Qevap are thickness, concentration, density, meniscus 
length, coating speed and evaporation rate respectively105. Calculations is performed using the slope 
extracted from Figure 2-7c, and assuming similar ρ, L and v for IL- and OTS-templated films. These results 
illustrate that evaporation rate on IL is approximately 50% faster than on OTS. This is consistent with 
experimental static advancing contact angle values of chloroform on OTS (θOTS) and on IL (θIL), where θOTS 
is larger than 30° but chloroform completely wets the AAO/IL hybrid (θIL~0°). 
 
We next quantified the degree of global and local alignment in coated thin films using a 
combination of techniques. We first applied polarized UV-Vis spectroscopy to quantify global 
alignment of crystalline and amorphous regions combined using the dichroic ratio and the 
orientation order parameter (Figure 2-8). Next, we employed GIXD to characterize the global 
alignment of π-stacked crystalline domains specifically (Figure 2-9). We further mapped the local 
orientation distribution at a spatial resolution of 100 μm over an area of ~1 mm2 using TEM 
electron diffraction (Figure 2-10).  
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In polarized UV-Vis spectroscopy, maximum absorption is expected when the transition dipole 
moments (TDM) align with the polarizer axis. We observed maximum absorbance with the coating 
direction positioned perpendicular to the polarizer orientation for all samples (Figure 2-8a,b). This 
implies that the polymer backbone is preferentially oriented perpendicular to the coating direction, 
assuming the TDM components of DPP2T-TT are oriented parallel to the polymer backbone83. 
The degree of alignment of the polymer backbone can be quantified using the 0-0 vibrational peak 
dichroic ratio, R=I⊥/I∥ where I⊥ and I∥ denote peak absorbance with the coating direction 
perpendicular and parallel to the polarizer, respectively. The dichroic ratio for the IL-templated 
films rose above that of the reference films across the whole range of film thicknesses tested, 
showing a striking enhancement in chain alignment (Figure 2-8c). The highest dichroic ratio from 
IL-templated films reached R=10.1±0.4, corresponding to the thinnest film of 10±2 nm. This value 
is close to an order of magnitude greater than the dichroic ratios of the reference samples and is 
among the highest reported to date33, 83, 86. We further calculated the 2D orientation order 
parameter, S=(I⊥-I∥)/(I⊥+I∥)
106, with S=1 when the polymer chains are 100% aligned, and S=0 for 
isotropic morphology in-plane. In this work, the highest value of S reached 0.82 from the thinnest 
IL-templated film, validating the high degree of backbone alignment inferred from R (Figure 2-
8c). The degree of alignment decreased monotonically with increasing film thickness from 10±2 
to 202±23 nm, consistent with diminishing birefringence from C-POM and lower orientation order 
from AFM (Figure 2-6). This trend was coupled with the decrease in the 0-0/0-1 peak ratio and 
the blue shift of the 0-0 peak position from 845 nm to 810 nm (Figure 2-8d,e). Taken together, we 
infer that the highly aligned thinner films exhibit stronger intrachain through-bond interactions, or 
J-aggregation indicating more planar backbones, whereas the less aligned thicker films show 
reduced intrachain interactions and stronger interchain π-π interactions, characteristic of enhanced 
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H-aggregation107,65. This phenomenon may be caused by the change in polymer conformation as 
a function of solution concentration. 
 
Figure 2-8. Characterizing DPP2T-TT thin films alignment and molecular structure with UV-vis. 
(a) Schematic and (b) normalized absorption spectra of polarized UV-Vis spectroscopy comparing DPP2T-
TT films deposited on IL vs. OTS. (c) UV-Vis dichroic ratio for films of various thicknesses. The 
orientation order parameter S was calculated from UV-Vis dichroic ratio. (d) 0-0 to 0-1 vibronic peak ratio 
and (e) 0-0 peak position as a function of film thickness. In all plots, the black (red) data points correspond 
to samples prepared on IL (OTS) templates and the sign ∥ (⊥) denotes the film orientation when the coating 
direction is parallel (perpendicular) to the polarizer axis. 
 
The GIXD measurements corroborated the observations from UV-Vis spectroscopy and revealed 
an even higher degree of alignment in the crystalline domains of the thin films. Figure 2-9a shows 
the GIXD patterns comparing films coated on IL vs. OTS. GIXD. In most cases, we observed a 
significantly more intense edge-on π-π stacking peak when the film was oriented with the coating 
direction perpendicular to the incident beam, confirming UV-vis analysis that the polymer 
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backbone preferentially oriented perpendicular to the coating direction. To quantify the in-plane 
alignment, we define dichroic ratio as R=A⊥/A∥, where A⊥ and A∥ are the normalized edge-on π-
π stacking peak area with the incidence beam perpendicular and parallel to the coating direction, 
respectively. The peak area was extracted following a multi-peak fitting procedure, accounting for 
background scattering and interference from the amorphous ring and normalized by the irradiated 
volume as detailed in the Methods section. The calculated dichroic ratio reached as high as 
22.6±0.1 for the thinnest IL-templated film, compared to 1.7±0.1 obtained from the highest aligned 
reference film on OTS (Figure 2-9b). The GIXD dichroic ratio is significantly higher than that 
from the UV-Vis, most likely since GIXD ‘sees’ the crystalline regions of the film, whereas UV-
Vis measures both amorphous and crystalline regions. Besides in-plane alignment, the out-of-plane 
ordering was also enhanced in IL-templated thin films. The highest order lamella peak went up to 
(500) for IL-templated films, whereas fewer higher order peaks were observed from the reference 
films (Figure 2-9a). Consistent with UV-Vis results, increase in film thickness of IL-templated 
samples led to significant decrease in the degree of in-plane alignment. We attribute this effect to 
higher probability of bulk nucleation and reduced influence of template-induced nucleation as the 
film thickness increases. Interestingly, the in-plane alignment of the reference films did not exhibit 
such strong film thickness dependence, implying that OTS does not serve as a nucleation template 
(at least in the tested conditions) and that bulk crystallization dominates in all cases. 
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Figure 2-9. Characterizing DPP2T-TT thin films crystalline domains alignment and ordering with 
GIXD. (a) Comparison of GIXD images of polymer films of various thicknesses coated on IL vs. OTS, 
with the incident beam oriented parallel and perpendicular to the coating direction. The dashed boxes 
highlight in-plane π-π stacking peaks. Schematics of thin film molecular packing are shown with the 
incident beam parallel to coating direction. More sharper lamella peaks were observed in IL-templated 
films, compared to fewer, broader lamella peaks observed in samples coated on OTS. (b) GIXD dichroic 
ratios for films of various thicknesses. (c) Lamellar stacking distance (from (100) peak) and π-π stacking 
distance for DPP2T-TT polymer thin films deposited on IL dynamic templates and OTS reference substrate. 
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UV-Vis and GIXD studies yielded ensemble-averaged measurement of global alignment. To 
quantify local alignment, we developed a two-dimensional orientation mapping technique based 
on TEM electron diffraction108. Using this powerful method, we mapped 2D orientation 
distribution of polymer crystallites over two length scales: 100 × 100 μm2 (in a single mesh of the 
TEM grid) and 1 × 1 mm2 (over 100 meshes), at spatial resolutions of 10 μm and 100 μm 
respectively which is summarized in Figure 2-10. Selected beam area for acquiring diffraction 
patterns was ~2.1 μm2 (Figure 2-10a). Interestingly, we observed single-crystal-like hexagonal 
diffraction patterns with very sharp peaks occasionally during mapping (Figure 2-10b). Similar 
patterns were reported for TA-PPE conjugated polymer nanowire crystals (a derivative of 
poly(para-phenylene ethynylene) with thioacetate end groups)109. This may be due to the broad 
distribution in molecular weight of the DPP2T-TT polymer synthesized.  
Typical diffraction patterns from IL-templated DPP2T-TT thin films (10±2 nm) exhibited 
sharply defined π–π stacking arches of narrow angular intensity distribution, reaffirming the high 
degree of alignment and molecular ordering induced by dynamic templates. The characteristic d-
spacing of the π–π stacking arch is 3.6±0.4 Å, consistent with the GIXD measurements (Figure 2-
9a). By tracking the rotational angle at which the π–π stacking arches appear, the in-plane 
orientation of crystalline domains can be mapped over scanned areas. Orientation mapping over a 
single mesh area of 100 × 100 μm2 revealed an angular spread of merely 15-20° in most meshes 
(Figure 2-10c). Such a narrow orientation distribution was maintained over 100 meshes covering 
an area of 1 × 1 mm2, shown in the histogram and the constructed 2D orientation color map (Figure 
2-10d). The color map uncovered that domains with large orientation deviations (>10°) were 
concentrated at the two edges of the scanned area, which may have arisen from meniscus instability 
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commonly encountered in meniscus-guided coating processes. Nonetheless, the 2D orientation 
color map revealed exceptional in-plane orientational ordering over the large scanned area. 
 
Figure 2-10. Quantifying global and local alignment in DPP2T-TT thin films via TEM diffraction. 
(a) Selected sample area used for acquiring diffraction patterns. (b) Single-crystal-like hexagonal diffraction 
micrographs occasionally observed during mapping. These sharp diffraction peaks are extremely hard to 
capture for polymer thin films and rarely reported to this date. (c) Cross-polarized optical microscope image 
of the DPP2T-TT thin film on the TEM grid. Histograms of orientation distributions in five meshes across 
the entire film are shown. The orientation is determined in terms of the π-π peak rotation angle relative to 
the defined axis. 15-20° angular spread was observed in most meshes. The deviations from mesh to mesh 
is ascribed to not precisely controlled solution coating as well as the film transfer process. (d) Orientation 
color map from TEM diffraction, examples of diffraction micrographs (the most frequent, labeled as 0°, 
and the rarest, labeled as 23°, orientations are shown) and histogram of orientation distribution 
corresponding to the orientation color map, respectively. 
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OFET device performance and charge transport anisotropy. To allow direct comparison 
with the reference devices coated on OTS/SiO2 substrates, we transferred the polymer film from 
the IL/AAO template to the OTS/SiO2 substrate following the described transfer method (Figure 
2-5). The residual IL was removed by immersing the transferred film in water. We further verified 
via X-ray photoelectron spectroscopy (XPS) that there was no detectable IL residual within ~10nm 
near the polymer surface in direct contact with the dielectric layer, which constituted the 
conductive channel of the transistor devices tested (Figure 2-11).  
High degree of polymer alignment enabled by IL templates offers an opportunity to study charge 
transport anisotropy towards establishing the much-needed structure-property relationships. We 
are also interested in understanding the interplay between intrachain and interchain charge 
transport as the degree of alignment is tuned over a wide range. The hole transport properties were 
measured in top gate, bottom contact OFETs (Figure 2-11a). All transfer curves comparing the 
best performing IL-templated devices with the reference devices are summarized in Figure 2-12a. 
A typical transfer curve we obtained exhibited a non-ideal downward kink commonly observed in 
high-performance devices110. This phenomenon likely arises from concurrent electron and hole 
injection, and/or field-dependent contact resistance110-112. Correspondingly, we calculated 
apparent mobilities in both low and high gate voltage (VG) regions. Figure 2-12 b.c and Table 2-2 
summarize the low VG and high VG apparent mobilities respectively, comparing IL-templated with 
the reference devices both parallel and perpendicular to the coating direction. 
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Figure 2-11. IL-templated device active layer structure and composition. (a) Schematic of top-
contact bottom-gate OFETs. After transferring the IL-templated thin film to the OTS-treated substrate, the 
polymer film’s surface in contact with the IL template (IL contact) appears on the top surface; the surface 
near the blade and in contact with air (air contact) forms the conductive channel at the dielectric layer 
interface. This configuration minimizes the effects of IL residues on the device performance. (b) High 
resolution X-ray photoelectron spectroscopy (XPS) spectra of the F (1s) and S (2p) regions comparing IL 
contact vs. air contact for DPP2T-TT film with 40±5 nm thickness. The blue (red) dashed lines in the spectra 
represent the deconvoluted peaks ascribed to DPP2T-TT ([EMIM][TFSI]). No fluorine signal was detected 
for the air contact surface, suggesting that IL is not present in the OFET conductive channel since X-ray 
penetration depth is <10 nm (incidence angle=90°) and charge transport occurs within the first few layers 




Figure 2-12. OFET device characterizations comparing IL-templated vs. reference devices. (a) 
Transfer curves of top contact, bottom gate OFETs fabricated from DPP2T-TT thin films of various 
thicknesses, comparing IL-templated vs. reference devices (OTS) measured along both parallel and 
perpendicular to the coating direction. Regions of the curve used for extracting the apparent mobilities in 
the low and high Vg regions are shown in the first plot. Comparison of average (column) and maximum 
(dot) apparent mobilities extracted from the (b) low and (c) high Vg region of the transfer curve in the 
saturation regime. This is due to the presence of the non-ideal ‘kink’ feature mentioned in the main text. 
The error bars are obtained from 20 independent devices. (d) Gate-voltage dependent mobility for best 
performing devices comparing IL-templated with reference devices (OTS). 
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Regardless of the VG range, the apparent mobilities increased by up to fourfold measured parallel 
to the coating direction (along π-stack) and enhanced by up to twofold perpendicular to the coating 
direction (along polymer backbone). Although measured mobility for IL-templated and reference 
films (air- vs substrate-contact) may not be directly comparable, the additional transfer process 
may negatively impact values115 for IL films leading to underestimation. It should be noted that 
the mobility values obtained here are not directly comparable to previous reports of DPP2T-TT 
OFETs116, due to the difference in the alkyl chain structure. In addition, no exhaustive effort was 
spent on optimizing the device performance in this study. 

























































Per 2.0 (2.7) 0.8 (1.2) -19.4 3.6 
53±5 






Per 1.0 (1.4) 0.5 (0.6) -21.2 3.7 
91±8 






Per 1.1 (2.0) 0.6 (1.0) -23.4 4.1 
202±23 






Per 0.4 (0.7) 0.2 (0.4) -23.2 4.1 
OTS 
56±3 






Per 1.2 (1.4) 0.3 (0.4) -29.2 4.5 
72±3 






Per 0.7 (1.0) 0.3 (0.3) -26.8 4.3 
176±9 






Per 0.3 (0.4) 0.2 (0.2) -19.2 3.8 
 
We further investigated the influence of chain alignment on charge transport anisotropy, given 
that the degree of alignment can be tuned simply by varying the film thickness of IL-templated 
thin films evident by our comprehensive multiscale morphology characterizations. We observed 
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favorable charge transport along the polymer backbone direction in highly aligned ~20 nm films 
with RGIXD = 11.8, RUV-Vis = 5.3 (Figure 2-13a-c). In contrast, the preferred charge transport 
direction flipped to the π-π stacking direction for films of 50-200 nm in thickness, when RGIXD 
decreased to below 6.4, and RUV-Vis below 2.5 (Figure 2-13d-f). This shift in charge transport 
anisotropy primarily to change in the degree of alignment, but the effect may be complicated by 
simultaneous variations in domain sizes and therefore grain boundary distributions. Unlike high 
molecular weight polymers, it has been shown that charge carriers in low molecular weight semi-
crystalline polymers typically traverse through well-ordered nanocrystalline π-aggregates, and 
move between π-aggregates occasionally through ‘tie-chains’(Figure 2-13c) 80, 117. Our results 
suggest that, even for short polymer chains (Mn =20.8 kDa), long-range, high degree of chain 
alignment can enable favorable charge transport along the conjugated backbone facilitated by 
occasional inter-chain hopping through π-π stacking (Figure 2-13f).  
 
Figure 2-13. Effect of alignment on charge transport anisotropy in IL-templated films. Transfer (a, 
d) and output (b, e) characteristics of 20 nm thin film of high degree of in-plane alignment (a, b) vs. 200 
nm thin film of low degree of in-plane alignment (d, e), measured along and perpendicular to the coating 
direction. Corresponding thin film morphology and hole transport path (red arrows) are illustrated in (c, f). 
Corresponding to the transfer curves shown in (a), the peak mobility values are μpar=1.18 cm2V−1s−1 and 
μper=2.72 cm2V−1s−1, measured parallel and perpendicular to the coating directions, respectively. For the 
transfer curves shown in (d), the peak mobility values are μpar=2.24 cm2V−1s−1 and μper=0.77 cm2V−1s−1, 
measured parallel and perpendicular to the coating directions, respectively. In other words, dominant charge 
transport direction is switched for 200 nm films, compared to the case of 20 nm films. In both cases, the 
peak mobility values were obtained in the low VG range. Mobilities calculated in the high VG range. 
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Methodology Generality. To demonstrate the generality of our concept, we show that the IL-
based dynamic template is effective over a wide range of coating speed spanning over 2 orders of 
magnitude from 0.5 to 100 mm.s-1; we further validate the dynamic templating approach using a 
second donor-acceptor polymer system. For the coating speed study, we employed plasma-treated 
SiO2/Si substrate as a reference in addition to OTS-treated substrate, because inadequate wetting 
prevents film deposition on OTS substrate at elevated coating speeds (Figure 2-14). 
Across the entire speed range tested, IL-templated thin films exhibited significantly higher 
brightness under cross-polarizers and larger crystallite sizes revealed by AFM compared to films 
coated on plasma-treated and OTS substrates (when the films could be deposited) (Figure 2-14a,b 
and 2-15a,b). Intriguingly, at coating speed as high as 100 mm.s-1, we still obtained a highly 
crystalline film on IL template, verifying that the dynamic template indeed significantly expedited 
polymer crystallization to alleviate the time scale mismatch during rapid coating.  
 
Figure 2-14. Coating speed dependence of DPP2T-TT film morphology coated on OTS substrates. 
(a) C-POM and (b) AFM micrographs coated at a 0.5 (film) and 2 mm.s-1 (wires). Inadequate wetting 
prevents film deposition on OTS substrate at elevated speeds. 
 
For IL-templated films, the morphology (Figure 2-15a,b) and film thickness (Figure 2-15c) 
variations as a function of coating speed are expected and consistent with the previously published 
solution coating model105. The work by Le Berre and colleagues laid out two coating regimes: the 
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evaporation regime and the Landau-Levich regime. In the evaporation regime (coating speed <10 
mm.s-1 in our case; Figure 2-15c), solvent evaporation induces solute supersaturation at the 
meniscus, resulting in nucleation at the contact line and causing the crystal growth to follow the 
receding meniscus. This regime often yields aligned crystalline domains provided that the crystal 
growth is sufficiently rapid, which is what we observed (Figure 2-15a,b). We also observed that 
the film thickness decreases with the coating speed, a trend consistent with the model prediction 
for the evaporation regime. In the Landau-Levich regime (coating speed >10 mm.s-1 in our case), 
viscous drag-out dominates over solvent evaporation. In this regime, the liquid film drag-out is 
followed by uniform solvent evaporation, initiating sporadic nucleation across the entire liquid 
film to yield isotropically oriented domains as we observed. The film thickness increases with the 
coating speed in this regime, which we also observed.  
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Figure 2-15. Coating speed dependence of DPP2T-TT film morphology. (a) C-POM and (b) tapping 
mode AFM micrographs comparing IL-templated and reference films coated at a wide range of speed from 
0.5 to 100 mm.s-1. The orientation of the optical microscope cross-polarizers is shown as crossed arrows, 
and the white arrow indicates the coating direction. All C-POM scale bars are 100 μm and all scale bars in 
the AFM height images are 1 μm. (c) DPP2T-TT film thickness as a function of coating speed. Evaporation 
and Landau-Levich regimes can be identified from films coated on IL template. Reference samples did not 
follow the same trend predicted by theory. 
 
On the other hand, films coated on the two reference substrates did not exhibit a clear regime 
change, neither did the film thickness follow the trend predicted by theory. Such deviation may be 
caused by insufficient wetting on OTS and plasma-treated substrates, which altered viscous drag-
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out, and/or that the polymer crystallization rate was too slow to trace the receding meniscus for 
inducing domain alignment. The stark contrast between IL-templated and the reference films 
across the entire range of speed validated our design concept that the IL dynamic template 
expedites polymer crystallization to alleviate its kinetics mismatch with rapid coating. The IL 
template further enhances wetting with the ink solution to promote film formation. 
To further evaluate the generality of our methodology, we tested another conjugated polymer, 
PII-2T, with the same alkyl chain design but different conjugated backbone. MD simulations 
suggested even stronger interactions between the PII-2T backbone and [EMIM][TFSI], judged 
from higher maximum excess probability of 9 compared to 6 (dimers) for DPP2T-TT (Fig. 2-4b). 
Similar to the case of DPP2T-TT, the excess probability of PII-2T was also diminished when IL 
molecules were ‘frozen’ in place, validating that the dynamic nature of the IL surface was 
responsible for enhanced interactions with the conjugated backbone. Correspondingly, we 
observed even more dramatic improvement in PII-2T morphology comparing IL-templated to 
reference thin films (Figure 2-16). Across a wide range of film thicknesses tested, application of 
dynamic template led to significantly larger domain sizes and markedly higher birefringence 
(Figure 2-16a). Most strikingly we observed twinned domains exceeding 10 μm in width and up 
to centimeters long, which resembles the morphology characteristics of highly crystalline small 
molecules rarely found in conjugated polymer thin films (Figure 2-16b). The two examples 
presented in this work suggest that the observed dynamic-template-directed polymer 
crystallization may be a general phenomenon, and further point to the possibility to rationally 
design dynamic templates through evaluating the polymer excess probability distribution. 
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Figure 2-16. Effect of dynamic templates on PII-2T thin film morphology. (a) Polarized optical 
microscopy images of IL-templated PII-2T thin films compared with reference thin films deposited on OTS. 
Crossed-arrows denote crossed polarizers orientation and white arrows show the coating direction. All scale 
bars in the optical images are 10 μm. Inset: Tapping mode AFM height images of corresponding PII-2T 
thin films with 1 μm scale bars. (b) Polarized optical microscopy images of IL-templated PII-2T thin films 
exhibiting twinned crystalline domains. All scale bars are 10 μm. 
 
2.3 CONCLUSIONS 
In summary, in this chapter we introduced the concept of dynamic templating and demonstrated 
it for enhancing polymer crystallization and assembly during MGC, using two conjugated 
polymers DPP2T-TT and PII-2T as model systems118. The model dynamic templates were 
constructed from ionic liquid [EMIM][TFSI] hosted in nanoporous AAO. Application of dynamic 
templates during meniscus-guided coating led to highly aligned, highly ordered polymer thin films 
over a large area (>1cm2). The aligned films exhibited dichroic ratio as high as 10.1 by UV-Vis, 
and 22.6 by GIXD, which were among the highest values reported for conjugated polymers. 
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Orientation mapping via TEM electron diffraction further revealed that the angular spread of 
polymer crystalline domains was as narrow as ±10°. Improved alignment and crystallinity in 
dynamic-template-directed polymer thin films led to enhanced charge carrier mobility along both 
the polymer backbone and the π-π stacking direction. Interestingly, we observed favorable charge 
transport along the polymer backbone, but only when the polymer chains were highly aligned.  
We propose the following mechanism for dynamic-template directed assembly during meniscus-
guided coating, based on molecular dynamic simulation results. Owing to the dynamic nature and 
reconfigurability of the ionic liquid surface, the ion-π interactions between the ionic liquid and the 
polymer backbone were dramatically enhanced, resulting in the formation of a highly enriched 
polymer layer at the ionic liquid template. The polymer enrichment lowered the nucleation barrier, 
and expedited polymer crystallization to alleviate the time scale mismatch during rapid solution 
coating. As a result, polymer crystal growth was sufficiently rapid to follow the receding meniscus, 
wherein the unidirectional capillary flow guided the film growth along the fastest growth axis – 
the π-π stacking direction. The synergy between dynamic-templated-induced nucleation and 
unidirectional-flow-guided crystal growth led to the formation of highly aligned, highly crystalline 
polymer thin films. We believe that our strategy of dynamic-template-directed assembly can be 
applied to a wide range of molecular systems to realize high degree of morphology control 
otherwise challenging to achieve. 
2.4 METHODS 
1H NMR spectroscopy. Solution-state proton NMR spectra of the DPP2T-TT solution in the 
absence and presence of [EMIM][TFSI] were collected on a Varian Inova 600 MHz NMR 
spectrometer. We prepared the mixture of 1:100 molar ratio of DPP2T-TT repeating unit (~1 mM) 
and IL (~100 mM) in deuterated chloroform with 1% tetramethylsilane (TMS), by dissolving 
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DPP2T-TT in chloroform and then adding [EMIM][TFSI] to the mixture (solutions were stirred 
overnight). The TMS at 0 ppm was used to reference all proton spectra. 
Molecular Dynamics Simulations. Molecular dynamics simulations on monomeric and dimeric 
backbones of DPP2T-TT and PII-2T were performed to investigate the effect of dynamics on the 
surface adsorption of conjugated polymers onto our proposed ionic liquid (IL), [EMIM][TFSI]. 
Simulation on a DPP2T-TT 18-unit polymer chain (average length of the actual polymer used) 
was also performed to investigate the conformation of the actual polymer chains in chloroform 
solvent. This is to confirm that the polymer backbone is fully exposed to IL, in order to justify the 
removal of alkyl chains in the oligomer simulation. Lastly, simulation on pure chloroform 
molecules and ILs was performed to calculate the buffer distributions of IL molecules, in order to 
compare with the IL distribution around the polymers. 
The starting structures of [EMIM]+, [TFSI]-, CHCl3, monomers and dimers were drawn using 
Maestro119 and optimized by its built-in Geometry Cleanup function. The non-interacting alkyl 
chains of the monomers and dimers were removed to capture the molecular interactions between 
the polymer backbones and the ILs. Cubic simulation boxes of 100 Å in length containing 550 
pairs of [EMIM][TFSI], 5600 CHCl3 molecules, and 5 monomers or a single dimer were generated 
using the Packmol120 at close to the experimental densities. The number of IL ion pairs was chosen 
such that the long-range interactions and ‘bulk liquid’ effects can be fully captured according to 
prior theoretical studies on ILs121. The monomers and dimers were randomly distributed in the 
CHCl3 solvent. The simulations were launched from multiple initial configurations in parallel. 
Initial setup of DPP2T-TT 18-unit polymer chain simulation was carried out as follows. The 
initial polymer chain structure model was generated by repeating the monomer structure for 18 
times in Maestro2. After the structure optimization, the polymer chain was then solvated with 
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26630 chloroform molecules in tleap. The simulation box size was 348×91×130 Å and there are 
at least 12 Å between the polymer chain atoms and the boundary of simulation box. A single 
simulation was launched from the solvated structure. 
For initial setup of pure chloroform simulation, cubic simulation box of 90 Å in length containing 
550 pairs of [EMIM][TFSI], 3600 chloroform molecules were used as the starting configuration 
for simulation. All the simulations were set up using the AMBERTools14 and performed with 
AMBER14 software122 using the general AMBER force field (GAFF). All the partial charges were 
derived using the AM1/BCC method. The same partial charges from the monomer DPP2T-TT 
were used for each unit of the DPP2T-TT polymer chain. Previous studies have shown that the 
GAFF can accurately predict transport and thermodynamic properties of ILs123. The system energy 
was first minimized with 2000 steps of steepest-descent method and then with 8000 steps of 
conjugated-gradient method. Subsequently, the systems were slowly heated from 0 to 10 K in NVT 
and NPT ensemble for 1 ns, respectively. Then the systems were heated from 10 K to 298 K in 
NPT ensemble for 2 ns. Cartesian coordinate restraints were applied on all heavy atoms during the 
minimization and heating stages with a force constant of 20 kcal/mol. Before the production runs, 
the systems were equilibrated without any restraints in NPT ensemble (1 atm, 298 K) for 1 ns. All 
the simulations were performed in NPT ensemble (1 atm, 298 K) with periodic boundary 
conditions. Particle-mesh Ewald124 method was used to treat the electrostatic interactions with a 
10 Å cutoff distance. The SHAKE algorithm125 was applied to constrain the length of covalent 
bonds involved hydrogen atoms to their equilibrium values. The integration step was 2 fs. 
Berendsen thermos-barostat126 with a damping time constant of 2 ps was used to control the 
temperature and pressure of the ensembles. To study the effects of ILs dynamics on the surface 
adsorption of polymers onto ILs, production runs with and without position restraints on the ILs 
44 
were performed for the dimeric backbones of DPP2T-TT and PII2T-TT simulations. In the case 
of static ILs, position restraints with a force constant of 10 kcal/mol were applied on all heavy 
atoms of ILs. Simulations were performed on the Blue Waters petascale computing facility. 
For the monomer/dimer simulations regarding the distribution probability calculations and 
analysis, all the production trajectories were processed with CPPTRAJ127 so that the ILs layers 
were positioned at the center of simulation boxes. The distance r was defined as the center of mass 
distances between the polymer backbones and ILs in the direction orthogonal to the initial 
CHCl3/ILs interface. The normalized distribution probability of polymers p(r) were calculated with 
MDTraj 1.7.2 package128. Excess probability was defined to directly compare the probability of 
the polymer at the ILs interface and the bulk. The bulk excess probability is 1.  
𝐸𝑥𝑐𝑒𝑠𝑠 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑝(𝑟)
𝐵𝑢𝑙𝑘 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑝(𝑏𝑢𝑙𝑘)  
              (2-8) 
The radius distribution functions 𝑔(𝑟) of cation and anion around the function groups of DPP2T-
TT dimeric backbone were calculated from the dynamic ILs simulations. The radius distribution 




             (2-9) 
where 𝑟 is the distance to the backbone atom, n is the number of cations or anions within dr 
region from r to r+dr, 𝜌 is the bulk ion concentrations, 2𝜋𝑟2 is the area of hemisphere with a 
radius of r (only the hemisphere in the IL layer was filled with ions). It should be noted that the 
ILs interface fluctuates in the simulations so that 𝑔(𝑟) doesn’t converge to 1. In this study, we 
calculated the radius distribution functions of cation and anion near the carbonyl and the thiophene 
function groups. The distances were calculated from the charge centers of ions to the oxygen and 
sulfur atom in each group, respectively. The data used for these calculations were taken from 3000 
snapshots of the raw trajectories where the backbones were absorbed on the ILs interface. The 
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buffer distributions of cations and anions were calculated by averaging the radius distribution 
functions from 20 random points near the IL interface. 
For DPP2T-TT polymer chain simulation analysis, the backbone solvent accessible surface areas 
were calculated using MDTraj128 1.7.2 package. During the entire simulation, the solvent 
accessible surface area (SASA) of the conjugated backbone fluctuates within the range of 60±3 
nm2. The small variance in backbone SASA indicates the convergence of our simulations.  
Polymer synthesis(IV). The conjugated polymer DPP2T-TT was synthesized following a 
previously published procedure129. 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(4-decyltetradecyl) 
pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (300.0 mg, 265.2 mmol) and 2,5-bis 
(trimethylstannyl)thieno[3,2-b]thiophene (123.5 mg, 265.2 mmol) were dissolved in 20 mL of 
toluene in a 35 mL microwave reaction vessel. The solution was purged with nitrogen for 15 
minutes, before tris(o-tolyl)phosphine (3 mg) and tris (dibenzylideneacetone)dipalladium(0) (6 
mg) were added. The vessel was sealed with a snap cap and quickly transferred to a CEM Discover 
Microwave Reactor. Reaction conditions were listed as follows: Power cycling mode; Power, 300 
W; Power cycles, 100; Temperature, 120 – 150 °C; Heating, 120 s; Cooling, 30 s; Pressure, 150 
psi; Stirring, high. After the reaction was complete, the polymer was collected by precipitation into 
methanol. The product was dissolved in 50 mL of chloroform and palladium was removed with 30 
mg of N,N-diethylphenylazothioformamide at 50 °C for 30 minutes. The solution was precipitated 
into methanol and the solid was dried under 60 °C, over high vacuum. The PII-2T synthesis 
procedure was detailed in a previous publication130.  
Meniscus guided coating. We infiltrated nanoporous substrate of anodized aluminum oxide 
(AAO) membrane (200 nm pore size, 1.3 mm diameter, 60 μm thick and pore density of 1013 m-2 
purchased from Sigma-Aldrich) with 1-ethyl-3-methylimidazolium 
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bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]) ≥98% (purchased from Solvionic) to form a 
semi-solid state IL/AAO hybrid supported by glass substrate. The DPP2T-TT (Mn = 20052 g/mol, 
MW = 54791 g/mol) and PII-2T (Mn = 210,805 g/mol, MW= 722,849 g/mol) were used as received 
without further purification. In both cases, the solvent used was chloroform (99.8% ACS-grade 
purchased from Sigma-Aldrich). Film thickness was varied by changing the solution concentration 
between 1 to 20 mg/ml as opposed to varying the substrate temperature or the coating speed, so 
that the evaporation rate can be maintained constant. During meniscus-guided coating, the ink 
solution was sandwiched between a slightly tilted, OTS functionalized blade and the substrate. The 
tilting angle of the blade was 8°. The gap between the substrate and the blade was set as 100 μm. 
During coating, the blade was linearly translated at a coating speed of 0.5 mm/s, and that the 
substrate temperature was set at 25°C. After the films were coated on IL/AAO hybrid substrates, 
they were transferred to OTS functionalized silicon wafer with 300nm thermally grown SiO2 by 
simply bringing the substrate in contact with the film. The transferred films were subsequently 
immersed in water for at least 3 hours to remove the IL residual. All SiO2-Si substrates used in this 
work were treated with octadecyltrichlorosilane (OTS) to minimize interfacial charge traps. OTS 
treatment was accomplished by immersing the plasma-treated, pre-cleaned wafer in a 
trichloroethylene solution of OTS (0.2 vol%) at room temperature for 20min. The treated wafers 
were then rinsed and baked at 120°C for 20 minutes. 
Contact angle measurements. We used a Rame-Hart Model 250 Standard Goniometer to 
measure static contact angle of [EMIM][TFSI] and chloroform on glass and polished sapphire 
wafer (purchased from University Wafer, Inc.) which mimicked AAO membrane alumina surface. 
Chloroform contact angle measurements (similar to low boiling point solvents) was performed in 
an enclosed system to avoid fast evaporation of the droplet. Liquid surface tension for 
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[EMIM][TFSI] and chloroform was performed using the same instrument via pendant drop method 
in air at ambient conditions (25°C and ~25% relative humidity). 
Film morphology characterizations. For all measurement, DPP2T-TT was deposited on OTS-
treated silicon substrate to serve as reference samples. Polymers coated on IL/AAO hybrid 
substrates were transferred to OTS-treated substrates or TEM grid prior to morphology 
characterizations. Fabricated polymer films were first visualized using a Nikon Ci-POL optical 
microscope to observe birefringence under cross-polarized light. AFM measurements were 
performed under the tapping mode using an Asylum Research Cypher instrument, from which the 
mesoscale morphologies were compared, and the film thickness was measured. To reveal the 
buried polymer film surface formed directly on the OTS-treated SiO2/Si substrate for AFM 
measurements, we applied a triple transfer method using OTS-treated PDMS stamps. Transfer 
process involved delaminating OTS-coated films by placing a PDMS stamp into contact with the 
substrate, applying vertical pressure and rapidly peeling the film off. Then the transferred film was 
delaminated again by a second PDMS stamp (following the same process). Finally, the second 
PDMS stamp was placed into contact with another OTS-treated substrate and the film was 
transferred by applying vertical pressure and peeling off the stamp rapidly. On the contrary, to 
reveal the air contact surface of the IL-templated films, which was hidden with our primary transfer 
method, the as-coated film was floated in a water bath and then transferred to an OTS substrate by 
scooping the film up. After placing the AAO/IL/film composite onto the water surface IL dissolves 
in water from the bottom of the composite and the film is detached facilitating the transfer process. 
Polarized UV−Vis absorption spectra were recorded at room temperature on an Agilent Cary 60 
UV-Vis spectrophotometer, with the incident light polarized vertically by a broadband thin film 
polarizer. The scans were taken from 400 nm to 1000 nm. Grazing-incidence X-ray diffraction 
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(GIXD) measurements were performed at beamline 8-ID-E at the Argonne National Laboratory, 
with an X-ray wavelength of 1.6868 Å (Ebeam=7.35 keV), at a 208 mm sample-to-detector distance. 
A two-dimensional Pilatus 1M detector was used for data collection. Samples were scanned for 10 
s in a Helium environment at an incident angle of 0.2°. Data analysis was performed using the 
software GIXSGUI131. The edge-on π-π stacking peak and the lamella stacking peak were obtained 
from a sector cut between -88⁰<χ<-83⁰ and -10⁰<χ<-5⁰ respectively from the geometrically 
corrected image. Careful multi-peak fitting was performed to deconvolute the π-π stacking peak 
from the amorphous ring, SiO2 scattering and the OTS peak. The π-π stacking peak was fitted with 
a Gaussian function to obtain the peak position and peak area for determining π-π stacking distance 
and dichroic ratio. The peak area was further normalized by the irradiated volume to allow 
comparison across samples. Orientation mapping was carried out by selected-area electron 
diffraction using a JEOL 2100 Cryo Transmission Electron Microscope (TEM) at accelerating 
voltage of 200 kV and a camera length (L) of 50 cm. The samples for electron microscopy were 
prepared by transferring the films from IL/AAO onto a copper grid with carbon support. 
Diffraction patterns were recorded using a 2k×2k CCD camera at a binning of 4 and 1 s exposure 
time. The selected area has a diameter of ~0.8 um. We scanned the beam across the thin film by 
manually changing the sample position. 
TEM electron diffraction-based two-dimensional orientation mapping procedure. We 
recorded electron diffraction patterns to cover 100 meshes (10 by 10) on a 3mm diameter TEM 
grid with 100 μm×100 μm mesh size using a selected beam depicted in Figure 2-10a. We translated 
the sample and acquired the diffraction patterns (DPs) in a step-by-step manner to scan over the 
entire designated area on the thin film. Within each mesh, the step size was 10 μm to yield 100 
scans per mesh. A total of 100 meshes were scanned to cover an area of 1 mm2 (Fig. S7). Within 
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each mesh of 0.01 mm2, we plotted the 2D orientation distribution as a histogram of 100 scans, 
scattered in terms of the rotation angle of the π-π stacking peak relative to an arbitrarily defined 
fixed axis. The histograms from five representative meshes are shown in Figure 2-10c. For plotting 
the 2D orientation distribution over 100 meshes of 1 mm2, we used the average rotation angle of 
the π-π stacking peak from each mesh, and constructed the histogram shown in Figure 2-10d. The 
average rotation angle was normalized as zero in this plot.  
Constructing the 2D orientation color map shown in Figure 2-10d requires grouping similar 
diffraction patterns. We applied image cross-correlation analysis to cluster the DPs from each 
mesh108. Since the brightness of the DPs can vary from mesh to mesh, the similarity of images is 
compared using normalized cross-correlation factor making the analysis independent of the image 
intensity: 
 
where IA(x, y) and IB(x, y) are the intensities of a pixel (x, y) in images A and B, respectively, 
and IA̅ and IB̅ are the mean intensities of images A and B, respectively
132. The construction of the 
2D orientation color map requires applying a correlation factor (γ) threshold for grouping similar 
images (similar orientation judged from the π-π stacking rotational angle) into distinct clusters. 
The cross-correlation threshold was chosen by trial and error and it was set at >95.5% for binning 
γ of similar values. We estimate that this threshold value can distinguish DPs with angular spread 
within 4 degrees of the bin average. Our orientation mapping method should be broadly applicable 
for quantifying local orientation in-plane in a wide range of crystalline and semi-crystalline thin 
film systems. 
X-ray photoelectron spectroscopy (XPS). The XPS data was obtained using a Kratos Axis 
(2-10) 
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Ultra XPS system (Kratos Analytical Ltd.) under high vacuum (1×10-9 torr) using a 
monochromatic Al-K X-ray source (14 kV, 10 mA). High-resolution XPS spectra were obtained 
at a constant pass energy of 40 eV and a step size of 0.1 eV and an exposure time of 400 ms. Peak 
analysis and deconvolution were performed with CasaXPS software. 
Device fabrication and electrical characterization. The DPP2T-TT OFETs with bottom gate, 
top-contact configuration was fabricated on highly n-doped Si (gate) with an OTS functionalized 
300 nm SiO2 layer (dielectric). Silver source and drain electrodes of 40 nm thick were thermally 
evaporated onto the polymer films through a shadow mask. The channel length (L) was 52 μm and 
channel width (W) was 4.4 mm. All electrical measurements were performed in a nitrogen 
environment using a Keysight B1500A semiconductor parameter analyzer. The field-effect 




2 , where IDS is the drain-source current, Ci is the capacitance of the dielectric (11 
nF/cm2 for OTS-treated 300 nm SiO2 dielectric), VG is the gate voltage, μ is the apparent mobility, 
and VT is the threshold voltage. W and L are the channel width and length of the organic 
semiconductor. Average data were calculated from analysis of 20 independent devices.
(IV) Part of this work is contained within a manuscript: Mohammadi, E.; Qu, G.; Kafle, P.; Jung, S, -H.; Lee, J.-
K.; Diao, Y., Design Rules for Dynamic-Template-Directed Crystallization of Conjugated Polymers. This 
manuscript has been submitted to Molecular Systems Design & Engineering. 
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CHAPTER 3. DESIGN RULES FOR DYNAMIC-TEMPLATE-DIRECTED 
CRYSTALLIZATION OF CONJUGATED POLYMERS(IV) 
3.1 INTRODUCTION 
Semiconducting polymers demonstrate great potential for fabricating next generation of flexible 
electronics including transistors1-2, solar cells4-5, displays7 and sensors11. The main advantage of 
conjugated polymers (CPs) is their solution-processability and low-cost large-area manufacturing. 
Electronic properties of solution-coated CP thin films are highly sensitive to morphological 
properties from molecular to device scale15, 17-18. However, it is challenging to control CP 
multiscale assembly during non-equilibrium high-throughput solution coating. Traditionally, 
surface-induced crystallization facilitated by heterogenous nucleation is implemented as an 
effective strategy to control polymer nucleation and growth43-44. In particular, substrate interfacial 
properties play a critical role in guiding crystallization of solution-coated CPs45-46 and it has been 
suggested that thin films often nucleate from the substrate-ink interface62-63, 133. 
Surface topology and chemistry are the most studied parameters that influence thin film 
multiscale assembly during solution coating46. Modulating surface nanostructure33 and 
roughness47-48 influence solution wetting and/or evaporation behavior which alters crystalline 
domain size and ordering. On the other hand, surface chemistry primarily impacts CP 
crystallization via substrate-solvent and substrate-CP interactions, which further dictate the 
wetting and evaporation behavior. As an example, out-of-plane molecular orientation of poly(3-
hexylthiophene) (P3HT) crystallites can be controlled effectively via substrate chemistry51-52. It 
has been suggested that strong interactions between P3HT backbone and substrate aliphatic or 
aromatic functional groups lead to “face-on” stacking. While polar surfaces induce dominantly 
“edge-on” orientation. Several investigations reported on improving in-plane molecular ordering 
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of donor-acceptor (D-A) CP thin films using surface functionalizations26, 50. Recently, we studied 
the interplay between the substrate surface energy (γ𝑆𝑉) and diketopyrrolopyrrole (DPP)-based CP 
multiscale crystallization26. We found that as γ𝑆𝑉 decreased from 67 to 20 mN.m
-1 via surface 
treatment, in-plane alignment and relative degree of crystallinity systematically increased. We 
further developed a generic free energy model for heterogeneous nucleation suggesting that 
decreased nucleation energy barrier of lower γ𝑆𝑉 is responsible for enhanced crystallization. This 
trend was validated by Lee et al. wherein they obtained higher alignment and larger crystalline 
domains of solution-coated DPP-based CPs on substrates with lower γSV
50. 
In addition to surface topology and chemistry, the important role of substrate dynamics is 
increasingly recognized, but remains under-explored. Marks et al. observed that the grain size of 
pentacene film can be controlled by polymer dielectric viscoelastic properties during vapor 
deposition72. They found that at high temperatures, surpassing the surface glass transition 
temperature (Tg,s), highly mobile polymer chains significantly increase pentacene nucleation 
density and disrupt formation of large crystalline grains. However, on rigid substrates grains 
become larger with increasing temperature. In a series of papers, floating film transfer (FFT) 
method was implemented to attain alignment in CP thin films by spreading the solution on passive 
liquid templates such as hydrogen-bonded and ionic liquid24, 73-75. Typically, in these works the 
polymer is annealed to high temperatures (up to transition temperature for liquid crystalline 
polymers). Authors proposed that highly mobile free surface of liquid substrates facilitate 
rearrangement of polymer chains into a more ordered structure. However, such mechanism has not 
been validated and it remains unclear how substrate dynamics and chemistry influence the 
assembly and reorganization of CP. In the second chapter of my thesis, I introduced the dynamic 
templating method unveiling the essential role of surface reconfigurability and CP-substrate 
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interactions in the assembly process118, which is fundamentally different from FFT. We proposed 
that interaction between a dynamic template and CPs can be promoted by reconfigurable surface 
exposing its favorable interacting sites. This enhanced interaction lowers the polymer nucleation 
barrier and expedite crystallization by adsorbing CP to the dynamic template interface. 
Resultantly, solution-coated CP thin films exhibit exceptional degrees of alignment and 
crystallinity not attainable using any known rigid (static) substrate. 
In this chapter, we further investigate the critical role of template interactions with CP to derive 
design rules for dynamic-template-directed assembly during solution coating. To achieve this goal, 
we implemented 5 different liquid templates of varying dynamics and chemistry including 
hydrogen-bonded and ionic liquids. DPP-BTz is used as a high-performance CP to evaluate the 
templating effect during meniscus-guided solution coating. The enthalpy of adsorption of DPP-
BTz from solution onto dynamic template was directly measured using isothermal titration 
calorimetry (ITC). Our results demonstrate that both template dynamics and chemistry are 
essential for favorable interaction with the CP. To study the interplay between the substrate 
properties and thin film multiscale morphology, we performed comprehensive characterizations 
combining atomic force microscopy (AFM), cross-polarized optical microscopy (C-POM), UV-
vis spectroscopy (UV-Vis) and grazing incidence X-ray diffraction (GIXD). Our results show that 
the polymer multiscale morphology is drastically modified by increasing template-CP interactions 
regardless of coating speed and final film thickness. Enhancing surface reconfigurability of 
hydrogen-bonded liquids leads to improved molecular order and relative degree of crystallinity. 
The highest molecular order, domain size and crystallinity are observed from IL-templated films 
that exhibit the highest enthalpy of absorption. The resultant charge transport mobility reaches 2.8 
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cm2V−1s−1. Our findings provide rational guidelines for designing substrate-ink interfaces during 
large-scale solution-coating. 
3.2 RESULTS AND DISCUSSION 
Dynamic template design for polymer thin film fabrication. We employed a 
diketopyrrolopyrrole based D-A polymer, DPP-BTz, as a model semi-crystalline conjugated 
polymer (CP) given its high performance21, 134. DPP-BTz films were fabricated from chloroform 
solution via a meniscus-guided coating (MGC) technique which mimics the physics of high-
throughput roll-to-roll printers26, 118, 135 (Figure 3-1) (see the Methods section for MGC details). 
We chose two groups of liquid templates to obtain insight into the role of substrate dynamics and 
chemistry during solution coating. The chemical structures of the investigated templates are shown 
in Figure 3-1. The first group includes two hydrogen-bonded liquids with comparable chemistry 
and drastically different dynamics (evaluated later): ethylene glycol (EG) and glycerol (GLY). The 
second group contains a series of ILs with different chemistry and comparable dynamics to EG. 
We have chosen three different ILs with bistriflimide (TFSI) anion paired 
with three different cations of the families of ammonium (N4111), pyrrolidinium (PYR) and 
imidazolium (BMIM) with comparable alkyl chains. BMIM has an aromatic conjugated cation, 
PYR is a cation with non-conjugated ring and N4111 is an ammonium-based cation without a ring. 
The alkyl chains (methyl and butyl) and viscosities are selected to be comparable. The size of 
templates is decreasing in the following order: BMIM>PYR>N4111 (estimated by Veff 
summarized in Table 3-1). Both hydrogen-bonded liquids and ILs can potentially interact strongly 
with the D-A polymer conjugated backbone through dipole-π or ion-π forces. We constructed 
dynamic templates by infiltrating liquids in nanoporous anodized aluminum oxide (AAO) 
membrane supported by glass substrates. High capillary force induced by AAO nanopores ensures 
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template compatibility with MGC and presence of a liquid-wetting layer to direct polymer 
crystallization118. We confirmed experimentally that all templates are practically immiscible with 
the CP solution in the short time frame of coating. 
 
Figure 3-1. Schematic of meniscus-guided coating of DPP-BTz films on a series of dynamics 
templates. Dynamic templates were fabricated from infiltrating various liquids in AAO nanoporous 
membranes supported on glass substrates. The liquids include ethylene glycol (EG), glycerol (GLY), and 
1-butyl-3-methylimidazolium bistriflimide ([BMIM][TFSI]), 1-butyl-1-methylpyrrolidinium bistriflimide 
([PYR][TFSI]) and 1-butylammonium-1,1,1-trimethylammonium bistriflimide ([N4111][TFSI]). 
Molecular structures of DPP-BTz CP (blue) and dynamic templates (yellow) are shown in the inset. 
Schematic illustration of the MGC is not to scale. 
 
Evaluating template-CP interactions for establishing design rules. For establishing template 
design rules, we hypothesize that the effect of the dynamic template directly scales with the extent 
of template-CP interactions, and that faster template dynamics acts by promoting template-CP 
interactions. We first compared template dynamics via orientational relaxation time (𝜏𝑟𝑜𝑡) 




this equation 𝜂 is viscosity, Veff is the effective molecular volume and 𝜉 is a factor which is a 
function of hydrodynamic boundary conditions (stick or slip). Table 3-1 summarizes the estimated 
𝜏𝑟𝑜𝑡 values relative to EG for all templates. This analysis reveals significantly slower dynamics of 
GLY compared to EG and ILs, which is not surprising given its high viscosity138-139. The estimated 
relative 𝜏𝑟𝑜𝑡 agrees with the reported orientation relaxation time
140. All three IL templates exhibit 
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comparable 𝜏𝑟𝑜𝑡 on the same order as that of EG. The ultrafast dynamics of the selected ILs is 
demonstrated by previous experimental measurements (𝜏𝑟𝑜𝑡 <nanoseconds)
96, 141-142.  
Table 3-1. Rough estimation of relative orientational relaxation time of investigated templates at 
20°C. (a)Estimated from molecular volume. 
Template GLY EG N4111 PYR BMIM 
η (mPa.s) 1412138 20139 116143 70144 52145 
Veff (Å3) 100
146 121(a) 122147 166148 200149 
Relative τrot 54 1 6 5 4 
 
We next quantified the interaction between DPP-BTz and various templates by isothermal 
titration calorimetry (ITC). ITC traditionally is used for directly measuring binding energetics in 
biological reactions150-151 and recently its application has extended to macro- and nano-molecular 
systems152-154. However, this is the first time that this technique is implemented for measuring 
semiconducting polymers interaction with substrate. We chose single-injection ITC155, shown in 
Figure 3-2a, to mimic a drop-casting experiment. During this experiment, CP solution is titrated 
onto the dynamic template and the released heat from the solution-template interaction is measured 
(ΔHsoln). Next, solvent titration enthalpy change (ΔHsolv) is measured in the exact same manner. 
Subtracting ΔHsolv from ΔHsoln would result in the net CP-template interaction enthalpy change 
(ΔHnet). Figure 3-2b present the raw heat rates comparing solution and solvent titration for all 
templates. Figure 3-2c summarizes ΔHnet, suggesting favorable interaction with DPP-BTz 
(ΔHnet<0) for all hydrogen-bonded liquids and ILs. The ΔHnet from titrating polymer solution on 
EG is ~2 times higher than that of GLY despite comparable chemistry of the two templates. We 
attribute this to faster dynamics of EG that enable rapid surface reorganization to maximize its 
favorable interactions with DPP-BTz in the solution environment. ΔHnet values for ILs are 
significantly larger than EG. This is not surprising since IL cations can interact strongly with the 
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conjugated polymer backbone via electrostatic forces and ion-π interactions proved by molecular 
dynamic simulations and 1H NMR measurements118. Within the IL series, BMIM exhibited the 
strongest affinity to DPP-BTz with ~2 times higher ΔHnet compared to N4111 and PYR. 
 
Figure 3-2. Quantify the interaction between DPP-BTz and dynamic templates using isothermal 
titration calorimetry (ITC). (a) Schematic illustration of sample and reference cells before and after 
titrating the DPP-BTz solution on the dynamic templates. The strength of interaction is proportional to the 
net heat released during the titration. (b) Heat rate data from a single injection of 3 μL of solution (solid 
line) and solvent (dashed line) on 50 μL pure liquid templates. Cumulative enthalpy is obtained by 
calculating the area under each peak after subtracting the dilution or mechanical effects. At least 3 repeat 
injections were used to calculate the enthalpy. (c) Enthalpy of interaction between DPP-BTz and various 
templates calculated from the difference between the heat released during the titration of polymer solution 
and the neat solvent. 
 
Conjugated polymer multiscale morphology characterizations. DPP-BTz films were 
fabricated via MGC over a wide range of coating speeds (v) spanning from 0.10-100.00 mm.s-1. 
We adjusted film thickness (h) to be comparable across the substrates by slightly varying solution 
concentration (C) at a specific v (Figure 3-3a). This implies that the evaporation rate (Qevap) in the 




𝑣−1, where solution density (ρ) and film width (L) are fixed. Figure 3-
3b-c summarizes our Qevap calculations using this relationship. The fastest Qevap values were 
58 
obtained when coating on IL templates, which are 25% and 50% higher compared to coating on 
EG and GLY, respectively. These results are qualitatively consistent with solution-substrate 
enthalpy of interactions measured via ITC (Figure 3-2b). This is because stronger solution-
template interaction is correlated with higher work of adhesion which decreases the solution-
template interfacial free energy (γsolution-template)
157. Based on Young’s equation94, lower γsolution-
template corresponds to smaller contact angle which leads to higher evaporation rate. 
We postulate that stronger template-CP interactions increase polymer concentration at substrate-
solution interface during MGC, shown by MD simulations in our previous work118. This 
phenomenon decreases the free energy barrier to heterogenous nucleation and expedites CP 
surface-induced nucleation. Thus, CP crystallization would be enhanced and depending on the 
coating regime flow-induced unidirectional alignment can be improved. We tested this hypothesis 
by characterizing solution-coated DPP-BTz thin film multiscale morphology via AFM, C-POM, 
UV-vis spectroscopy and GIXD. Primarily, we focus on the influence of template properties on 
the thinnest films coated at 1.00 mm.s-1. The effect of coating speed will be discussed at the end. 
 
Figure 3-3. Quantifying evaporation rate from coating speed-dependent thickness measurements. 
a) DPP-BTz film thickness, h, as a function of deposition speed ranging from 10-140 nm measured by 
AFM. Evaporation and Landau-Levich regimes can be characterized at low and high coating speeds, 
respectively. (b) h.C-1 vs. v-1 plot with the corresponding linear fit dashed lines. The slope in this plot is 
proportional to evaporation rate. (c) Corresponding normalized Qevap across various templates. These results 
reveal higher evaporation rate on templates with stronger interaction with the DPP-BTz solution. 
 
After fabricating DPP-BTz films via MGC on different templates they were transferred to 
octadecyltrichlorosilane (ODTS)-modified silicon substrates to enable direct morphology and 
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device comparison. We probed mesoscale topology of DPP-BTz thin films in direct contact with 
the template by AFM. Figure 3-4 shows AFM height images exhibiting semi-crystalline domains 
perpendicular to the coating direction. Domain size increases as the template-CP interaction 
becomes stronger. Film thickness is fixed at 10±1 nm which is estimated to be 3-4 molecular 
layers. GLY-coated films had significantly smaller domains compared to films coated on EG and 
ILs due to its slower template dynamics. BMIM- and PYR-templated films have the largest 
domains exceeding several microns in width corresponding to their strong interaction with DPP-
BTz. Such drastic difference in morphology persisted across the entire coating speed (film 
thickness) series as discussed later. 
 
Figure 3-4. Atomic force microscopy for obtaining DPP-BTz film meso-scale morphology and 
thickness. Tapping mode AFM height images of DPP-BTz films obtained by MGC at 1.0 mm.s-1 on various 
dynamic templates. All scale bars are 1 μm. Crystallite domain size is the largest on BMIM and the 
minimum on GLY. 
  
Next, we investigated macroscale morphology and polymer backbone orientation using C-POM 
(Figure 3-5a) and UV-vis spectroscopy (Figure 3-5b) demonstrating highly aligned films obtained 
from more dynamic templates. Regarding C-POM, an uniaxially aligned film exhibits the 
maximum (minimum) brightness when the polymer backbone is oriented 45° (0° or 90°) with 
respect to the cross-polarizer axis. The difference in brightness comparing images oriented 0° and 
45° relative to the coating direction is defined as the optical birefringence which is a measure of 
the extent of alignment. Figure 3-5a shows that GLY-coated DPP-BTz films are almost isotropic 
while films deposited on EG and IL dynamic templates are uniaxially aligned. We quantified the 
60 
extent of polymer chain alignment from C-POM birefringence and UV-vis dichroic ratio. To 
quantify the C-POM images birefringence, we used “Image J” image analysis software158. We 
extracted the mean intensity values for images taken parallel (I0) and 45 degrees rotated (I45) with 
respect to the coating direction and calculated the anisotropy using RC-POM= 
𝐼45-𝐼0
𝐼0
. Although image 
brightness and the value of I are a function of thickness, RC-POM is independent of film thickness 
by definition. Figure 3-5c compares RC-POM for different substrates. RC-POM for isotropic GLY-
templated films is close to 1 and exceeds 2 for EG- and ILs-coated films given their anisotropy. 
 
Figure 3-5. Macroscale morphology and alignment of DPP-BTz films. (a) Cross-polarized optical 
microscopy images of DPP-BTz films coated at 1.0 mm.s-1. Crossed polarizers orientation is shown as 
white crossed arrows and the red single arrows show the coating direction (all scale bars are 100 μm). Upon 
rotating samples, the whole C-POM image illuminates indicating a uniform uniaxial macroscale alignment. 
(b) Normalized absorption spectra of polarized ultraviolet–visible spectroscopy comparing DPP-BTz films 
oriented parallel (red) and perpendicular (black) to the coating direction. (c) RC-POM (black) and RUV-vis (red) 




 where I45 and I0 are the average intensities when the film is oriented 45⁰ vs. 0⁰ with 
respect to the polarizer axis shown in Figure 3-5a. RUV-vis is calculated from the ratio of 0-0 vibrational peak 






To further evaluate preferential orientation of the polymer backbone and the extent of macroscale 
alignment, we performed polarized UV-vis spectroscopy measurements. Upon applying linearly 
polarized light, the maximum (minimum) absorbance is observed as the transition dipole moment 
(TDM) align with (is transverse to) the polarizer vector. For CPs TDM have the largest component 
along the backbone159-161. Polarized UV-Vis measurements revealed that the polymer backbone is 
preferentially oriented perpendicular to the coating direction for films coated on ILs and EG, but 
the GLY-templated films are isotropic. We further quantified the degree of alignment using the 0-
0 vibrionic peak dichroic ratio (RUV-vis) (Figure 3-5c). RUV-vis is defined as the ratio between 0-0 
peak absorbance perpendicular and parallel to the polarizer. RUV-vis for GLY was ~1 as expected 
but exceeded 2.5 for the EG and IL templates due to better alignment, consistent with C-POM 
results. It should be noted that RUV-vis provides a lower bound to the degree of backbone alignment 
since TDM is not necessarily aligned with the backbone depending on its curvature159, 162. 
Moreover, the highest RUV-vis (> 8) was obtained at lower coating speeds (0.1-0.25 mm.s
-1) which 
will be discussed later. 
We next employed GIXD to resolve DPP-BTz thin film molecular packing and quantify relative 
degree of crystallinity (rDoC). Analyzing π-π stacking peaks further revealed higher crystallinity 
of DPP-BTz films coated on templates with stronger interaction with the CP. Figure 3-6a shows 
GIXD micrographs scanned parallel and perpendicular to the coating direction. GLY-coated films 
exhibit weak isotropic π-π stacking. However, films coated on EG and ILs exhibited well-defined 
edge-on π-π stacking peaks (010). To quantitatively analyze the orientation distribution of π-
crystallites, we extracted pole figures163 following procedures described in our previous report26. 
Figure 3-6b shows π-π stacking peak (010) intensities as a function of the polar angle χ and the in-
plane rotation angle of the substrate, φ. We infer from these figures that GLY-coated films adopt 
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a bimodal distribution of edge-on and face-on crystallites with weak π-π diffractions. However, 
films coated on EG and ILs exhibit sharp peaks characteristic of ‘edge-on’ orientation. We further 
calculated the relative degree of crystallinity (rDoC) of DPP-BTz thin films by integrating the 
geometrically corrected peak intensities over χ and φ (Figure 3-6c). Increasing the strength of 
template-DPP-BTz interaction led to higher relative degree of crystallinity. For films deposited on 
EG rDoC is >53% higher than GLY-templated films. BMIM-coated films have the highest rDoC 
value, >30% higher compared to those of EG, N4111 and PYR. This observation is consistent with 
the largest domain size for BMIM-coated films probed by AFM (Figure 3-4). 
(V) Ge Qu and Prapti Kafle performed GIXD measurements. 
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Figure 3-6. GIXD analysis of DPP-BTz thin films coated on various substrates(V). (a) GIXD 
micrographs of DPP-BTz thin films coated on various templates with the incident beam oriented parallel 
(||) (= 0) and perpendicular (⊥) (= 90) to the coating direction. DPP-BTz films were transferred to 
ODTS-treated SiO2 prior to the measurement. (b) Geometrically corrected intensity of DPP-BTz π−π 
stacking (010) peak as a function of pole angle χ and substrate in-plane rotation angle φ. Measurements 
were performed at different in-plane rotation angles of the substrate: = 0, 30, 60 and 90 with respect 
to the incident beam. Path length corrected intensity was obtained from a sector cut on GIXD image with -
88<<-83 at = 0, 30, 60 and 90. Peak intensities were normalized by the irradiated volume to allow 
direct comparison among various films. Dominant crystallite orientation is shown in the insets. ‘Face-on’ 
crystallites are described by the (010) peak at χ=90 and the (100) peak at χ=0, and the ‘edge-on’ 
crystallites by the (010) peak at χ=0 and the (200) peak at χ=90. (c) Relative degree of crystallinity (rDoC) 








. Standard errors were calculated 




where 𝐴𝑝𝑒𝑟 (𝐴𝑝𝑎𝑟) is edge-on π-π stacking peak perpendicular (parallel) to the coating direction. 
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Regarding the polymer in-plane alignment, except isotropic GLY-coated films, we observed 
strong edge-on π-π stacking peaks in the perpendicular scans. Thus, the polymer backbone is 
preferentially oriented orthogonal to the coating direction as inferred from UV-vis data. We 
quantified this anisotropy via GIXD dichroic ratio (RGIXD) described as the ratio between 
normalized edge-on π-π stacking peak perpendicular and parallel to the coating direction. Figure 
3-6d plotted RGIXD values comparing all templates. For films deposited on EG, RGIXD is >8.3 times 
higher than GLY representing a dramatic enhancement in polymer film alignment due to increased 
template dynamics of EG vs. GLY. We observed the highest RGIXD for N4111 (RGIXD=13.9±1.4) 
and not BMIM. We ascribe this to increased population of edge-on π-crystallites for BMIM-
templated films in all directions even parallel to the coating direction (obvious from =0 
sin(χ)I(χ,)) due to its higher rDoC.  
Coating speed-dependent multiscale morphology. To evaluate the generality of our 
observations, we further investigated the influence of coating speed on template-directed 
multiscale morphology of DPP-BTz thin films. Coating speed (v) was modulated from 0.10 to 
100.00 mm.s-1 covering both the evaporation regime and the Landau-Levich regime156 (Figure 3-
3a). After transferring the polymer films from liquid templates to ODTS substrates, the mesoscale 
morphology of DPP-BTz film directly in contact with templates was characterized by AFM 
(Figures 3-7). The largest domains were observed on BMIM-templated films, whereas the GLY-
coated films did not exhibit clearly defined fibril structures and domains. While this trend was 
clearer in the evaporation regime (<1 mm.s-1), it persisted across the entire range of coating speeds 
studied. Interestingly, even in the Landau-Levich regime (100.00 mm.s-1), the mesoscale 
morphology is sensitive to the choice of template, indicating that the template-induced 
crystallization outcompetes that from the ink-air free surface. At this condition, the crystallite size 
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of IL-templated films is as large as 10 μm, compared to 1-2 μm for EG-templated films and sub-
micron domains on GLY. This observation is further confirmed via high magnification C-POM 
images (Figure 3-8). In addition, C-POM images brightness (intensity) increased in the following 
order: GLY<EG<PYR~N4111<BMIM. Higher C-POM image brightness is ascribed to higher 
relative crystallinity of IL-templated films which was further verified by GIXD measurements. 
 
Figure 3-7. Meso-scale morphology of DPP-BTz films as a function of templating substrate and 





Figure 3-8. Meso-scale morphology of DPP-BTz films obtained in Landau-Levich regime. High 
magnification C-POM images of DPP-BTz film coated on various templates at 100 mm.s-1. The arrow 
indicates the coating direction. Even at this high coating speed the meso-scale morphology of CP film is 
sensitive to template properties. 
 
Speed-dependent C-POM (Figure 3-9) and UV-vis (Figure 3-10) results reveal printing-regime-
dependent in-plane alignment. At low speeds (0.10-0.50 mm.s-1) solvent evaporation at the three-
phase contact line induces nucleation. Thus, film growth follows the receding meniscus resulting 
in aligned domains (evaporation regime). RC-POM (RUV-vis) for EG films was 7-22 (3-4) times higher 
than GLY films in this regime (Figure 3-11). In-plane alignment was comparable for EG and ILs 
with maximum RC-POM and RUV-vis exceeding 33 and 8 for films printed at 0.1 mm.s
-1 on N4111. 
However, in the Landau-Levich regime (100 mm.s-1) viscous force becomes predominant and 
produces isotropic domains.  
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Figure 3-9. CPOM images of DPP-BTz films as a function of templating substrate and coating 
speed. Cross-polarized optical microscopy images of CP films as a function of substrate and coating speed. 
Polarizers orientation is shown as white crossed arrows and the red single arrows show the coating direction 
(all scale bars are 100 μm). When sample illuminates upon rotating the stage, film is uniaxially aligned and 
when the contrast is negligible polymer chains are isotropic. 
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Figure 3-10. Quantifying macroscale alignment of DPP-BTz thin films. Normalized absorption 
spectra of polarized UV-vis spectroscopy when polymer film coating direction is parallel (red) and 
perpendicular (black) with respect to the polarizer axis. The substantial change in polymer chain alignment 
and vibronic ratio as a function of substrate and speed is discernable. 
 
 
Figure 3-11. Comparing macroscale alignment of DPP-BTz films comparing evaporation and 
Landau-Levich. RC-POM (black) and RUV-vis (red) values for DPP-BTz films coated at 0.10 and 100 mm.s-1.  
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We then employed GIXD to characterize out-of-plane molecular orientation distribution and 
determine the relative degree of crystallinity in the evaporation (v=0.1 mm.s-1) and Landau-Levich 
regime (v=100.00 mm.s-1) (Figures 3-12 to 3-14). Pole figure analysis shows preferential edge-on 
packing for all cases. Films coated at 0.1 mm.s-1 exhibit a broader out-of-plane orientation 
distribution than thinner films coated at 1.00 mm.s-1 which may arise from increasing importance 
of bulk nucleation as opposed to template-induced nucleation for thicker films. The in-plane 
alignment of π-crystallites (Figure 3-12a,b) is consistent with the trend observed from C-POM and 
UV-vis at 0.1 mm.s-1. Specifically, the average GIXD dichroic ratio (RGIXD) increases from 1.4±0.2 
to 12.1±2.4 comparing GLY with EG, and the maximum value was observed for N4111 being 
13.9±1.4. In addition, we observed that the full width at half maximum (FWHM) of the π-π 
stacking peak is almost 48% larger on GLY compared to the other templates at 0.1 mm.s-1 (Figure 
3-12c). This can be attributed to lower crystalline order and/or smaller domain size in GLY-
templated films due to slow template dynamics. π-π stacking distance only slightly varies across 
the templates (3.62±0.02 Å) (Figure 3-12d).  
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Figure 3-12. GIXD analysis of DPP-BTz thin films coated on various substrates at 0.1 mm.s-1. (a) 
GIXD micrographs of DPP-BTz thin films coated on various templates with the incident beam oriented 
parallel (||) (= 0) and perpendicular (⊥) (= 90) to the coating direction. (b) GIXD dichroic ratio (RGIXD) 
calculated from analyzing edge-on π-π stacking peaks perpendicular and parallel to the coating direction. 
(c) FWHM of “edge-on” π-π stacking peak and (d) π-π stacking distance for DPP-BTz polymer thin films 
coated on various templates. 
 
 
Figure 3-13. GIXD micrographs of DPP-BTz thin films coated on at 100 mm.s-1. Beam orientation is 




Figure 3-14. GIXD analysis of templated DPP-BTz thin films comparing evaporation and Landau-
Levich regimes. Geometrically corrected intensity of DPP-BTz π−π stacking (010) peak and corresponding 
rDoC for the series of templates coated at (a,b) 0.10 and (c,d) 100.00 mm.s-1. Corresponding GIXD 
micrographs are represented in Figures 3-12a and 3-13. 
 
We next estimated rDoC for films coated at 0.1 and 100.00 mm.s-1 from their corresponding pole 
figures (Figures 3-14a-d). Once again, our analysis confirmed that CP films exhibit higher 
crystallinity on templates with stronger interactions with DPP-BTz. Films coated on BMIM were 
>200% more crystalline compared to EG, PYR and N4111 at 0.1 and >30% at 100 mm.s-1. Overall, 
our characterizations demonstrated that across a wide range of coating speed (and film thickness) 
template dynamics and chemistry can influence multiscale morphology significantly. This 
dependence is consistently correlated with the strength of template-CP interaction (Figure 3-2b). 
Morphology-Dependent Field-Effect Transistor Performance. Finally, I established 
morphology-charge transport relationship in DPP-BTz films by fabricating FET devices parallel 
and perpendicular to the coating direction (Figures 3-15a-c). Device configuration is depicted in 
Figure 3-15a and fabrication details are described in the Methods section. Representative transfer, 
output and gate voltage (VG)-dependent plots are summarized in Figures 3-16 to 3-18. FETs 
fabricated from DPP-BTz films templated on ILs exhibit the highest average apparent hole 
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mobility (μapp) independent of coating regime due to their stronger interactions with CP (Figure 3-
15c). This effect is more dramatic comparing EG- and GLY-templated films ascribed to GLY 
lower adsorption enthalpy.  
 
Figure 3-15. Charge transport characterizations using top gate, top contact DPP-BTz FETs. (a) 
Bottom-gate top-contact OFET device. (b) Highest performing device obtained from DPP-BTz film printed 
at 1 mm.s-1 on [BMIM][TFSI] dynamic template. On/off ratio and threshold voltage were 2.9×104 and -
18.8 V, respectively. (c) Comparing apparent mobility of DPP-BTz OFET devices with active channel 
perpendicular and parallel to the coating direction across a wide range of speeds on various templates. 
 
For polymer films coated in the evaporation regime, μapp is predominantly larger perpendicular 
to the coating direction. This excludes GLY-coated films at 0.25-1.00 mm.s-1 given the lack of 
anisotropy and low crystallinity. More efficient charge transport perpendicular to the coating 
direction is mainly explained by faster charge transport along polymer backbone facilitated by 
enhanced in-plane molecular alignment, larger domains (less grain boundaries) and higher rDoC. 
The highest performing device was obtained from BMIM-templated films coated at 1.00 mm.s-1 
with active channel orthogonal to the coating direction. Transfer and output characteristics for the 
corresponding p-channel device is shown in Figure 3-15b with μapp exceeding 2.8 cm
2V-1s-1. This 
is >5 times higher than μapp parallel to the coating direction. Such charge transport anisotropy is 
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not surprising given the high in-plane alignment of the polymer backbone. Films coated in the 
Landau-Levich regime (100 mm.s-1) show μapp less than 1.0 cm
2V-1s-1 with no charge transport 
anisotropy. At this condition, the μapp values on IL-coated films are almost an order of magnitude 
higher than EG, and EG μapp is >5 higher than GLY. These results are in agreement with the trend 




Figure 3-16. DPP-BTz thin film field-effect transistor output characteristics. Output curves of films 
coated on various templates. The coating speed is varied from 0.10 to 100.00 mm.s-1 but the film thickness 
is being fixed by changing solution concentration. DPP-BTz films were transferred to OTS-treated SiO2 





Figure 3-17. DPP-BTz thin film field-effect transistor transfer characteristics. Source-drain voltage 
for is fixed at −100 V. Carrier transport is measured parallel and perpendicular to the coating direction. 





Figure 3-18. DPP-BTz thin film field-effect transistor gate voltage-dependent apparent mobility. 
 
3.3 CONCLUSIONS 
In conclusion, I establish that template-conjugated polymer interactions quantified by the 
enthalpy of adsorption can serve as a unifying metric to gauge the effectiveness of dynamic 
templates in directing crystallization and assembly of conjugated polymers. Such template-
conjugated polymer interactions are sensitive to both template dynamics and chemistry. To 
investigate the role of surface reconfigurability, we chose glycerol and ethylene glycol hydrogen-
bonded liquids due to their similar chemistry and drastically different dynamics. Directly 
measuring template-conjugated polymer interactions using isothermal titration calorimetry (ITC) 
verified that faster dynamics of ethylene glycol result in ~2 times stronger interaction with the 
polymer compared to glycerol. Such difference in the strength of interactions directly impact 
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solution-coated thin film morphology. Comparing DPP-BTz films coated on ethylene glycol vs. 
glycerol, AFM showed >10 times increase in semi-crystalline domain size, and C-POM and UV-
vis demonstrated improved macroscopic alignment by up to 22- and 4-times. Moreover, GIXD 
demonstrated up to 3-fold higher relative degree of crystallinity and long-range order of semi-
crystalline domains formed on ethylene glycol. Combination of these morphological changes 
resulted in up to an order of magnitude improvement in FET charge transport mobility. These 
results persisted in the whole coating speed range from 0.1-100.00 mm.s-1. 
To further elucidate the role of template chemistry, we selected 3 ILs with different cations and 
comparable dynamics with ethylene glycol. ILs ΔHinteraction measured by ITC was higher than 
ethylene glycol (N4111<PYR<BMIM). Consequently, semi-crystalline domain size observed 
from AFM and relative degree of crystallinity measured by GIXD were increasing with stronger 
template-polymer interactions. This trend was preserved in field-effect transistor device 
performance and IL-templated films exhibited highest charge transport mobility with the best-
performing devices templated on BMIM. The observed trend is independent of coating speed and 
printing regimes, indicating that dynamic template plays a critical role in polymer crystallization 
regardless of coating conditions. 
Based on these results we propose favorable interactions between conjugated polymer and 
template as a design rule for dynamic template-directed assembly. To enhance template-
conjugated polymer interactions, not only should the template have functional groups to interact 
strongly with the conjugated polymer, but also its dynamics should be fast enough within the 
coating time-frame to interact effectively with the assembling polymer through surface 
reconfiguration. Compound effect of these two criteria leads to strong affinity of conjugated 
polymer with the template as to enrich polymer molecules near the template interface. This 
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phenomenon decreases the free energy barrier to nucleation, expedites nucleation and ensuing 
crystallization process. Our results establish the significant importance of substrate interfacial 
properties to semiconducting polymer crystallization during solution coating and printing as this 
important class of functional materials ripens for commercialization.  
3.4 METHODS 
Isothermal Titration Calorimetry measurements. ITC experiments were carried out using a 
Nano ITC Low Volume isothermal titration calorimeter (TA Instruments) at 298 K and data were 
extracted from NanoAnalyze software. Data was analyzed using Origin software. The accuracy of 
the instrument was verified by measuring water-water titration enthalpy before each series of 
measurements. Reaction cell was rigorously cleaned in two steps: 1-Cleaning the cell with series 
of NaOH, Formic acid and DI water, and 2-Rinsing the cell by isopropanol, chloroform and 
acetone. The cell was heated to 60°C to evaporate all residual solvents. Next, 50 μL of the liquid 
template was injected to the reaction cell and reference cell. We waited for 15 minutes to make 
sure the liquids descend completely to the bottom (30 minutes for higher viscosity glycerol), no 
residual liquid is stuck to the cells wall and avoid bubbles. Then 50 μL of 2 g.L-1 DPP-BTz solution 
in chloroform was loaded to the injection syringe and mounted on the ITC instrument. We set the 
temperature to 298 K and the instrument thermal power was monitored until baseline return to 
initial value. We started all titration experiments with a 0.25 μL to avoid bubbles in the main 
experiment. After 30 minutes, 3 μL of the DPP-BTz solution was titrated on the liquid template. 
We then recorded heat flow as a function of time (μJ.s–1) for 60 minutes and repeated the 
experiment at least 3 times for each template. The average area under the curves was used to 
calculate the adsorption heat of DPP-BTz to the template after subtracting the similar single-
injection of pure solvent. 
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Substrate preparation. Semi-solid dynamic templates served as substrates compatible with 
large-scale solution coating. Dynamic templates were constructed by infiltrating nanoporous 
anodized aluminum oxide (AAO) Whatman® Anodisc membranes (purchased from Sigma-
Aldrich) with various liquid templates supported by glass substrates. AAO had 200 nm pore size 
and its diameter was 1.3 mm. Hydrogen-bonded liquids include glycerol (GLY) (99.6% ACS-
grade purchased from Fisher Scientific) and ethylene glycol (EG) (99.8% anhydrous purchased 
from Sigma-Aldrich). Bistriflimide-based ionic liquids (99%) were purchased from IoLiTec Ionic 
Liquids Technologies Inc. and stored in nitrogen glove box prior to use as received. ILs include 1-
butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([BMIM][TFSI]), 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([PYR][TFSI]) and 1-butylammonium-
1,1,1-trimethylammonium bis(trifluoromethylsulfonyl)imide ([N4111][TFSI]).  
(VI) Seok-Heon Jung and Jin-Kyun Lee synthesized DPP-BTz conjugated polymer. 
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Meniscus-guided coating for conjugated polymer thin film fabrication. The semiconducting 
polymer, Poly[[2,5-bis(2-octadecyl)-2,3,5,6-tetrahydro-3,6-diketopyrrolo[3,4-c]pyrrole-1,4-diyl]-
alt-(2-octylnonyl)-2,1,3-benzotriazole] (DPP-BTz) (Mn=176 kg.mol
−1 and PDI=2.5) was 
synthesized as previously reported134 and used as received(VI). We prepared DPP-BTz solution by 
dissolving the polymer in anhydrous chloroform (Macron ACS grade) on a stirring hot plate at 
50°C until obtaining a clear homogeneous solution (> 2 hours). DPP-BTz thin films were deposited 
onto templates by meniscus-guided coating (MGC)26, 118. The MGC setup includes a stationary 
substrate and a moving dewetting coating blade, with polymer solution sandwiched in between. 
The blade was tilted 8° and blade-substrate gap was fixed at 100 μm. All films are deposited at 
substrate temperature of 25 °C with varying coating speed of 0.10-100 mm.s-1. Solution 
concentration was modulated between 2.0-3.0 g.L-1 to obtain comparable film thickness across all 
substrates. After coating DPP-BTz films on liquid/AAO hybrid substrates, they were transferred 
to octadecyltrichlorosilane (ODTS) functionalized silicon wafer with 300nm thermally grown 
SiO2 by simply bringing the substrate in contact with the film. ODTS-modified substrate served 
as mutual substrate for morphology characterizations and device fabrication enabling direct 
comparison across substrates (see previous reports26, 118 for ODTS modification details). After 
removing the AAO membrane, the transferred films were subsequently immersed in acetonitrile 
for at least 5 minutes to remove the residual liquids.  
DPP-BTz thin film multiscale morphology characterizations. We used a Nikon Ci-POL 
optical microscope to visualize the as-fabricated polymer thin film microstructure and assess 
uniaxial alignment under cross-polarized light. Birefringence was quantified using Image J 
analysis software158. Meso-scale morphology of the film in direct contact with template during 
MGC was characterized using tapping mode Asylum Research Cypher atomic force microscope. 
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Film thickness was measured using AFM height image cross-sections. Polarized UV−Vis 
absorption spectra were collected at room temperature on an Agilent Cary 60 UV-Vis 
spectrophotometer, with and without the incident light polarized vertically by a broadband sheet 
polarizer. Measurement data was obtained using the as-coated films on the template/AAO/glass 
structure after subtracting the background within the wavelength of 400-1000 nm. Grazing-
incidence X-ray diffraction (GIXD) was performed at the small-wide-angle X-ray scattering 
beamline 8-ID-E at the Advanced Photon Source (Argonne National Laboratory) with an X-ray 
wavelength of 1.6871 Å (Ebeam=7.35 keV), at a 208 mm sample-to-detector distance
164. A two-
dimensional Pilatus 1M detector was used for data collection. The incidence angle was 0.14 and 
the exposure time was 10-30 s. During the measurement, the samples were placed in a helium 
chamber, with a 228-mm sample-to-detector distance. Each sample was scanned at various in-
plane rotation angles () by rotating the substrate with respect to the incidence beam by 0, 30, 
60 and 90. Herein,  is defined as 0 when the film coating direction is oriented parallel to the 
incident beam. Data analysis was performed with the software GIXSGUI, which includes a 
correction for the polarization of the synchrotron x-ray beam163, 165. The edge-on π-π stacking peak 
and the lamella stacking peak were obtained from a sector cut between -88⁰<χ<-83⁰ and -10⁰<χ<-
5⁰ respectively from the geometrically corrected image. Partial pole figures were constructed by 
extracting (010) - stacking peak intensities as a function of the polar angle  (13-88 binned 
into ~5 increments) to analyze domain orientation distribution, as well as relative degree of 
crystallinity. To accurately calculate the peak intensities, multipeak fitting was performed with 
Igor Pro on the intensity vs. q curve obtained from each 5 segment along the  axis. The purpose 
was to deconvolute the - stacking peak from the amorphous ring, SiO2 scattering and the ODTS 
peak. The peak intensity and area thus obtained were further normalized by the film thickness and 
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beam irradiated area on the films. The background diffractions of all substrates were also carried 
out under the same condition. The π-π stacking peak was fitted with a Lorentzian function to obtain 
the peak position and peak area for determining π-π stacking distance and dichroic ratio. The peak 
area was further normalized by the irradiated volume to allow comparison across samples. 
Conjugated polymer FET fabrication and electrical characterization. We fabricated bottom-
gate top-contact FETs by transferring the as-coated DPP-BTz semiconducting polymer film to a 
highly n-doped Si (gate) with thermally grown 300 nm SiO2 modified by ODTS (dielectric layer) 
to minimize interfacial charge traps104. Silver source and drain electrodes of 45 nm thick were 
thermally evaporated onto the polymer films through a shadow mask. The channel length (L) was 
47 μm and channel width (W) was 840 μm. All electrical measurements were performed in a 
nitrogen environment using a Keysight B1500A semiconductor parameter analyzer at room 
temperature. The field-effect mobilities in the saturation regime were calculated from 
, where IDS is the drain-source current, Ci is the dielectric capacitance per 
unit area (11 nF/cm2 for ODTS-treated 300 nm SiO2 dielectric), VG is the gate voltage, μ is the 
apparent carrier mobility, and VT is the threshold voltage. Average data were calculated from 










(VII) Part of this work is contained within a manuscript: Mohammadi, E.; Zhao, C.; Zhang, F.; Qu, G.; Jung, S, -
H.; Zhao, Q.; Evans, C. M.; Lee, J.-K.; Shukla, D.; Diao, Y., Ion Gel Dynamic Templates for Large Modulation of 
Morphology and Charge Transport Properties of Solution-Coated Conjugated Polymer Thin Films. This manuscript 
has been submitted to ACS Applied Materials & Interfaces. 
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CHAPTER 4. SECOND GENERATION ION GEL DYNAMIC TEMPLATES FOR 
CONTROLLED ALIGNMENT AND CRYSTALLIZATION OF CONJUGATED 
POLYMERS(VII) 
4.1 INTRODUCTION 
Solution-processable semiconducting polymers received an upsurge of interest during recent 
years given their wide range of potential applications in printed electronics, energy 
harvesting/storage devices, and chemical, mechanical and biological sensors3, 6, 12. It has been 
widely reported that the electronic characteristics of conjugated polymers are highly sensitive to 
morphological parameters across all length scales15, 17, 46, 166-170. Therefore, various approaches 
have been used to control multiscale morphology such as versatile meniscus-guided coating 
techniques20-21, 26, 35, 37, 103, 118, 135, 171-172, molecular design strategies23, 134, 173 and substrate surface 
treatments22, 26, 33, 45, 47-48, 51-52, 55. Understanding the role of surfaces in directing conjugated 
polymer assembly is particularly important. In contrast to conventional bulk polymer processing 
from melt, conjugated polymers are usually solution cast on substrates to form thin film devices. 
Previous studies have identified the importance of specific substrate-polymer interactions51-52, 
substrate-polymer lattice matching (epitaxy)53, surface energy26, 49-50 and topology33, 47-48, 85 to 
controlling the morphology of conjugated polymer thin films. However, the role of substrate 
dynamics is rarely studied or exploited. In fact, prior works on surface-directed assembly of 
conjugated polymers have almost exclusively focused on static, rigid surfaces, whose templating 
effects are usually weak for structurally complex macromolecular systems that exhibit large 
degrees of disorder and conformation dynamics. Among the few dynamic substrates reported are 
viscoelastic polymer surfaces72 and liquid surfaces24, 73-75. It has been shown that by controlling 
polymer dielectric surface viscoelasticity, crystalline grain size in vapor-deposited pentacene thin 
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films can be significantly modulated72. Moreover, non-volatile liquid substrates were employed as 
passive free surfaces to facilitate processing of aligned conjugated polymer thin films during 
mechanical compression or thermal annealing24, 73-75. We note, however, that these liquid surfaces 
were used merely as passive supports, instead of as templates to actively direct polymer assembly. 
Beyond the field of printed electronics, natural and artificial dynamic reconfigurable surfaces have 
been studied that can modulate their interfacial properties autonomously in response to light, 
chemical environment, electric or magnetic field69-70. For instance, polymer molecules in 
microorganisms can reorganize their surface structure and selectively interact with the assembling 
media to construct highly ordered ionic structures (i.e., biomineralization)66, 68, 174. Another 
example is magnetoresponsive liquid-infused porous surfaces which are designed to direct 
colloidal assembly for tunable wettability, adhesion and antifouling properties71. 
In the 2nd chapter, I demonstrated the concept of dynamic templating for directed assembly of 
conjugated polymers using ionic-liquid-infused nanoporous surfaces which are compatible with 
solution coating and printing118. We showed that IL can self-optimize its interactions with 
conjugated polymers by re-arranging its surface structure to reveal favorable binding sites. Such 
template reconfigurability markedly enriches the conjugated polymers near the template and 
lowers the nucleation barrier to expedite polymer crystallization and assembly. 
In this work, we develop gel-based dynamic templates with widely tunable template dynamics 
(esp. the glass transition temperature) by varying the liquid-to-polymer matrix ratio. This platform 
allows us to systematically investigate the role of template dynamics in directing polymer 
multiscale assembly, which is not possible using liquid-infused nanoporous surfaces. Specifically, 
we construct ion gel comprised of ionic liquid and physically cross-linked polymer matrix as 
dynamic templates, which further serves as a high-capacitance dielectric in fabricated transistor 
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devices. However, the dynamic templating concept is not restricted to specific gel types. 
Surprisingly, we observe a synergistic effect between the IL and the polymer matrix which led to 
an exceptional polymer chain alignment and crystallinity not attainable by neither the neat IL nor 
the polymer matrix. Based on our molecular dynamics (MD) simulation studies, we attribute this 
phenomenon to the synergistic interactions of IL and polymer matrix with the conjugated polymer 
via multivalent binding: while IL cations interact with the conjugated backbone, the polymer 
matrix preferentially interacts with the non-polar alkyl side chains. These complementary 
multivalent interactions, facilitated by rapid template reconfigurability, enhances conjugated 
polymer crystallization to result in higher molecular ordering and alignment. Overall, by tuning 
the ion-gel composition, we can drastically modulate conjugated polymer in-plane alignment, 
crystallinity and out-of-plane orientation, measured by cross-polarized optical microscopy (C-
POM), atomic force microscopy (AFM), ultraviolet–visible spectroscopy (UV-vis) and grazing 
incidence X-ray diffraction (GIXD). The compound effect of these enhanced morphological 
characteristics led to an order of magnitude increase in the carrier mobility measured in the field-
effect transistor (FET) geometry. Although ion gels have been extensively studied as high 
capacitance dielectric layer for FETs, they have not been used for large modulation of conjugated 
polymer morphology before. We further demonstrate the bifunctionality of ion gel as both the 
dynamic template and the high-capacitance dielectric to attain exceptional performance in OFETs. 
4.2 RESULTS AND DISCUSSION 
Dynamic Gel Template Fabrication and Characterizations. Based on our previous work118, 
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]) can effectively 
template crystallization of two donor–acceptor (D-A) conjugated polymers due to fast 
reconfigurability of its ions and strong ion-π interactions. Therefore, [EMIM][TFSI] was 
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employed as the IL for ion gel fabrication in this work. For the polymer matrix, we chose elastic 
polyvinylidene fluoride-co-hexafluoropropylene (e-P(VDF:HFP)) with 55:45 VDF to HFP molar 
ratio and a low glass transition temperature (Tg) of around −20°C. e-P(VDF:HFP) was previously 
used as a high capacitance dielectric layer in FETs175 and also as a dynamic polymer matrix for 
ion-gel-based self-healing ionic conductors176. Ion gels were prepared by dissolving both the IL 
and the polymer matrix in a co-solvent (acetone) and the resulting solution was spin-cast on glass 
or silicon substrates (see Methods section). The thickness of resulting ion gel films was 1-2 μm. 
Two high performing solution processable D-A polymers were selected for this study. We chose 
a high performing diketopyrrolopyrrole-benzotriazole (DPP-BTz)21, 134 copolymer as the main 
system and tested the generality of our observations using an isoindigo-alt-bithiophene based 
polymer (PII-2T)26, 118. We deposited conjugated polymer thin films from chloroform (CF) 
solution on ion gel templates via meniscus-guided coating (MGC) which mimics the physics of 
roll-to-roll printers (Figure 4-1a). We verified experimentally that [EMIM][TFSI], e-P(VDF:HFP) 
and their ion gels are practically immiscible with the polymer ink solution during fast MGC. The 
composition of the ion gels varied from 20 wt% to 90 wt% IL, in order to establish the relationship 




Figure 4-1. Ion gel templates of tunable dynamics for semiconducting polymer solution coating. (a) 
Meniscus-guided coating (MGC) schematic (not to scale) on the ion-gel dynamic template. The arrow 
indicates the coating direction. Molecular structures of [EMIM][TFSI] IL, e-P(VDF:HFP) polymer matrix 
and conjugated polymers (DPP-BTz and PII-2T) are depicted. The ion gel composition is tuned from 0 to 
100% in terms of IL wt% shown in the inset. (b) Representative DSC traces as a function of IL wt% in the 
ion gel templates. All templates exhibited a single Tg within the temperature range scanned, and the data 
were recorded during the second heating cycle after removing prior thermal history in the first cycle. (c) 
Influence of IL content on the glass transition temperature of the templates compared to the “Fox equation”. 
Fox equation relates ion gel Tg at a specific composition of wIL (IL wt%) and wpolymer (polymer wt%) to 







To evaluate template composition-dependent bulk dynamics, we carried out differential scanning 
calorimetry (DSC) to obtain bulk glass transition temperatures (Tg(b)), given that Tg for amorphous 
polymer films thicker than ~100 nm is very similar to Tg(b)
177. The resulting DSC thermograms 
are shown in Figure 4-1b. The Tg of e-P(VDF:HFP) (0 wt% IL) was measured as ~-20°C, 
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consistent with previous report175, and the Tg of neat [EMIM][TFSI] (100 wt% IL) was determined 
to be -93±3°C, also consistent with the literature178-179. Progressively increasing the IL content of 
the ion gel from 0 wt% monotonically decreases the Tg(b), thereby increasing the template 
dynamics possibly through enhancing the segmental motion of the polymer matrix (Figure 4-1c). 
The measured Tg(b) followed the prediction of the Fox equation
180 very well (dashed line in Figure 
4-1c). We acknowledge that the surface glass transition temperature (Tg(s)) can substantially 
deviates from Tg(b), yet it remains challenging to measure Tg(s) directly. Nonetheless, we expect 
Tg(s) to follow the same trend as Tg(b)
72, 181. 
Next, we characterized the bulk chemical composition of ion gel films by attenuated total 
reflectance Fourier transform infrared (ATR-FTIR) spectroscopy (Figures 4-2a,b). ATR-FTIR 
spectra normalized with the radiated volume (depth of penetration ~2 µm) are summarized in 
Figure 4-2b showing a monotonic increase in the intensity of IL characteristic absorption peaks 
with increasing IL content in the pre-gel solution. Two regions are magnified in the inset: the peaks 
at 3100-3170 cm-1 wavenumber range correspond to C-H vibration in the cation imidazole ring 
and signals at 1010-1080 cm-1 are attributed to anion SNS antisymmetric vibrations182. We 
analyzed peak areas in both regions to quantify the actual IL content in the ion gel film and found 
that it is comparable to the IL content in the pre-gel solution (Figures 4-2a,b). Also, there are clear 
peak shifts in both selected regions (Figures 4-2e,f) due to the change in chemical environments 
of corresponding vibrations suggesting strong interactions between the IL and the polymer matrix.  
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Figure 4-2. Characterization of ion gel bulk composition via ATR-FTIR spectroscopy. (a) Schematic 
of ATR-FTIR spectroscopy, and (b) absorbance spectra of ion gels as a function of pre-gel IL wt%. The 
peaks ascribed to (a) IL’s anion (SNS antisymmetric vibration at W=1025-1075 cm-1) and (b) cation (C−H 
vibration of the imidazolium ring at W=3100-3170 cm-1) were used to estimate the IL content in the bulk 
ion gel. Peak shifts corresponding to (e) SNS antisymmetric stretching from 1025-1075 cm-1 and (f) C-H 
vibration in the cation imidazole ring within wavenumbers of 3100-3170 cm-1. 
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We further carried out X-ray photoelectron spectroscopy (XPS) (penetration depth <10 nm) 
which measures the surface elemental composition of ion gels in vacuum to determine the surface 
composition of ion gels (Figure 4-3a). From high resolution XPS spectra of O (1s), N (1s) and S 
(2p) core level signals (Figures 4-3b), we calculated the IL content in the surface based on each 
characteristic peak which is summarized in Figures 4-3c. Moreover, similar to FTIR chemical 
shifts, XPS binding energies varied with the pre-gel IL content suggesting significant interactions 
between [EMIM][TFSI] and eP(VDF:HFP) at the ion gel surface (Figures 4-3d,e). The interactions 
between the IL and polymer matrix are necessary for the formation of self-standing gels. 
 
Figure 4-3. Characterization of ion gel surface composition via XPS. (a) Schematic of XPS and (b) 
high resolution spectra of the O (1s), N (1s) and S (2p) regions as a function of pre-gel IL wt%. (c) Estimated 
IL wt% at the ion gel surface. Ion gel’s bulk composition is comparable to that of the pre-gel solution, while 
the surface (in vacuum) is enriched with the e-P(VDF:HFP) polymer matrix. N (1s) spectral features was 
resolved by fitting two distinct peaks centered at ~397.5 eV and 400.1 eV which originated from [TFSI-] 
anion and cation’s imidazole ring, respectively. Moreover, we deconvoluted high resolution spectra of 
[TFSI-] anion’s O (1s) (peak centered at 530.6 eV) and S 2p (doublet at 167.1 and 168.2 eV). We analyzed 
all these peaks using CasaXPS software and compared the peak area for each element to that of the neat 
[EMIM][TFSI] to calculate IL wt% and plotted the averaged values. Our results convey that the ion gel 
surface, when in high vacuum, is enriched with the e-P(VDF:HFP) polymer matrix possibly due to its lower 
surface tension relative to [EMIM][TFSI] at high IL content. Peak shifts of (d) cation and anion N (1s) and 
(e) anion O (1s) and S (2p) extracted from XPS data. 
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Finally, from the ATR-FTIR spectroscopy and XPS I estimated the bulk and surface chemical 
composition of ion gel templates, respectively (Figure 4-4). This result indicates that the surface 
composition of the ion gels is comparable with the bulk composition at low to medium pre-gel IL 
content of ≤ 50 wt% but deviates from the bulk composition when the pre-gel IL content exceeds 
50 wt%. Specifically, the gel IL content plateaus at ~60 wt% despite continuous increase of pre-
gel IL concentration; such surface enrichment of e-P(VDF:HFP) may be related to minimization 
of surface energy due to lower surface energy of the polymer matrix compared to the IL. It should 
be noted that XPS measurements were performed under high vacuum (P< 1×10-9 torr). Given the 
dynamic properties of ion gel templates, we expect the ion gel surface composition to change upon 
exposure to the ink solution during MGC, shown via contact angle measurements below. 
 
Figure 4-4. Estimated IL wt% in the ion gel bulk vs. surface via ATR-FTIR and XPS. Bulk 
composition is proportional to the pre-gel solution, while surface is enriched with e-P(VDF:HFP). 
 
To further investigate ion gel interfacial properties during MGC, solvent (CF) dynamic contact 
angle measurements were carried out on various templates revealing rapid adaptability of IL-rich 
templates (80 wt% and 90 wt%) to CF exposure. Figures 4-5a,b summarizes the time-dependent 
contact angle measurements suggesting that polymer-rich (<50 wt% of IL) and IL-rich (≥50 wt% 
of IL) templates exhibit two different evaporation behaviors. Droplet evaporation on polymer-rich 
templates occurred initially at constant wetting radius (Rw) with pinned triple-phase contact line, 
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followed by moving contact line mode featuring constant contact angle (θ) and decreasing Rw. 
Towards the end of droplet evaporation, both θ and Rw decreases with moving contact line. In 
contrast, for IL-rich templates, only pinned contact line mode was observed. CF droplet on neat 
IL showed a unique evaporation behavior with very low contact angle to begin with and was not 
pinned to the template at any instance. Remarkably, CF contact angles on 80 wt% and 90 wt% 
templates showed a rapid change during the first 500 μs of the measurement, decreasing by 40% 
and 30%, respectively. We ascribe this phenomenon to the enriching of IL at the ion gel surface 
upon contact with CF, which is further supported by MD simulations (discussed below). Although 
50-90 wt% templates showed comparable surface composition under vacuum (Figure 4-4), their 
interfacial properties differ upon exposure to CF due to higher reconfigurability of 80 and 90 wt% 
ion gels. We also measured receding contact angles of CF on various templates (Figures 4-5c,d) 
which fell within a narrow range of 6-11° and showed only slight template dependence; this 
implies that during MGC, the dependence of evaporation rate on template is minor, as evidenced 
by similar film thicknesses measured (shown later in the AFM characterizations). 
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Figure 4-5. Chloroform contact angle measurements on dynamic gel templates. (a) Optical image of 
CF sessile drop evaporation and (b) time-dependent CF contact angle on ion gel templates with varying IL 
content. (c) Optical image of CF receding meniscus on various templates and (d) receding contact angle of 
CF as a function of IL content in the gel templates. A slight decreasing trend was observed for the CF 
receding contact angle. However, this trend was less sensitive to the template compared to the sessile drop 
experiment due to the capillary force imposed by the needle (comparable to the coating blade in MGC).
(VIII) Chuankai Zhao and Diwakar Shukla performed MD simulations. Qiujie Zhao and Christopher M. Evans 
helped with EIS measurements. 
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To evaluate our hypothesis that IL enrichment at the ion gel surface underlies the rapid change 
in the contact angle upon exposure to CF, we investigated the ion gel interfacial properties via MD 
simulations with full atomic details. First, we validated ion gel structure by calculating the bulk 
ionic conductivity from MD simulations and comparing it to the experimental values obtained 
from impedance spectroscopy (Figures 4-6a-c). The values of the calculated ionic conductivities 
from the MD simulations weren’t comparable to the experimental data, which we ascribe to 
simulation box size simulation leading to shorter conjugated polymer and polymer matrix chains. 
However, the extent of change from IL to the ion gel validated our proposed starting structure for 
the ion gel. 
 
Figure 4-6. Validation of the ion gel bulk structure for MD simulations(VIII). (a) Overall mean square 
displacement of cations and anions with respect to the simulation time in the bulk of the neat IL and the ion 
gel (55 wt% IL) calculated from 20 ns MD simulations. (b) Frequency-dependent conductivity 
measurements from impedance spectroscopy comparing the neat IL and the ion gel. (c) Comparison 
between the bulk ionic conductivity obtained from MD simulation and electrochemical impedance 
spectroscopy. Adding polymer matrix to the IL led to a decrease in ionic conductivity evident from both 
MD simulations and experimental data. 
Next, we characterized ion gel interfacial structure upon exposure to vacuum vs. CF. As shown 
in Figures 4-7a,b, ion gel structure remains invariable after 240 ns of contact with vacuum. 
However, IL concentration at the ion gel surface increases dramatically upon exposure to CF. We 
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further quantified this observation by calculating [EMIM][TFSI] ions distribution orthogonal to 
the ion gel surface (along the z-coordinate of the simulation box), summarized in Figure 4-7c. 
These results clearly show that IL ions move to the ion gel surface to interact with CF leading to 
>43% broadening of ions distribution along the z-coordinate. For more details on MD simulation 
studies please see the Methods Section. 
 
Figure 4-7. Ion gel interfacial properties predicted by MD simulations. (a) The ion gel (~55 wt% IL) 
starting structure set up for MD simulation studies. [EMIM]+ and [TFSI]- are shown in red and blue. (b) 
Snapshots of the ion gel surface after exposure to vacuum environment and solvent molecules (chloroform) 
after 240 ns of simulation. The solvent molecules are omitted for clarity (c) IL cation and anion distribution 
along the z axis (orthogonal to the ion gel surface) upon exposure of the ion gel surface to vacuum and 
chloroform at the initial (first 10 ns) and final (last 10 ns) steps of MD simulations. The bin size of z 
coordinate is 0.4 nm. The number of [EMIM]+ and [TFSI]- within each bin region are counted based on the 
z coordinates of their center of mass. 
 
Template-Induced Multiscale Morphology of Conjugated Polymers. We next characterized 
thin film morphology to understand how substrate dynamics and chemistry impact conjugated 
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polymer crystallization and assembly. We quantified polymer chain alignment, molecular 
orientation ordering and degree of crystallinity using a variety of techniques including cross-
polarized optical microscopy (C-POM) (Figures 4-8a and 4-9a), atomic force microscopy (AFM) 
(Figures 4-8b and 4-9b), polarized ultraviolet–visible spectroscopy (UV-vis) (Figures 4-8c and 4-
9c), and grazing incidence X-ray diffraction (GIXD). 
First, we performed C-POM to qualitatively compare the effect of various substrates on DPP-
BTz and PII-2T thin film in-plane alignment and global crystallinity as well as device scale 
morphology (Figures 4-8a and 4-9a). The higher the normalized optical birefringence of the 
printed polymer film, the greater its degree of alignment and/or crystallinity 26, 118, 135. We 
quantified C-POM birefringence by calculating the average intensity difference of samples 
oriented 0⁰ and 45⁰ relative to the polarizer axis. Films coated on polymer-rich substrates were 
barely birefringent and with the increase of template IL content the birefringence was significantly 
increased. Surprisingly, DPP-BTz films coated on 80 wt% and 90 wt% IL templates exhibit 
birefringence even higher than the 100 wt% neat IL (Figures 4-8d). We observed such consistent 
trend for PII-2T films with even more pronounced maximum birefringence at 80 wt% and 90 wt% 
IL templates (Figure 4-9d). Followed by C-POM measurements at macroscale, we used AFM to 
characterize conjugated polymer film mesoscale morphology such as fibril/domain size and 
orientation. AFM height images for DPP-BTz (Figure 4-8b) and PII-2T films (Figure 4-9b) 
showed a significant increase in crystallite size comparing films coated on polymer-rich (~10 nm) 
and IL-rich templates (~1-10 μm). We measured film thickness by AFM for both conjugated 
polymers (Figures 4-8e and 4-9e), which was essentially invariant across the entire spectrum of 
template compositions. Similar thickness allows us to directly compare film morphologies across 
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the template composition range. This observation is consistent with the receding contact angle 
measurements (Figures 4-5c,d). 
 
Figure 4-8. Macro- and meso-scale morphology of DPP-BTz films coated on various templates. (a) 
C-POM images with the orientation of crossed polarizers denoted as crossed arrows and the single arrow 
showing the coating direction (all scale bars are 100 μm). As IL content in the template increases, stronger 
birefringence effect is observed. Upon rotation, the whole C-POM image uniformly varies in intensity due 
to the high macroscale alignment. (b) Tapping-mode AFM height images with 2 μm scale bars, showing 
increase in domain size with the increase of IL content in the template. (c) Normalized absorption spectra 
of polarized UV-vis spectroscopy, where the sign ∥ (⊥) denotes the film orientation when the coating 
direction is parallel (perpendicular) to the axis of the polarizer. (d) Polarized UV-vis dichroic ratio (black) 
and C-POM intensity difference (red) as a function of the IL content in the template. The birefringence is 
calculated as the difference between the average intensities when the film is oriented 45⁰ vs. 0⁰ relative to 
the polarizer axis. Error bars were obtained from at least 10 measurements on each sample. 
 
To quantify polymer chain alignment, we carried out polarized UV-vis spectroscopy and again 
observed a non-monotonic trend pointing to the exceptional synergy between IL and polymer 
matrix in enhancing the templating effect. Figure 4-8c summarizes normalized UV-vis absorption 
spectra for the templated DPP-BTz films, with the polarized light parallel and perpendicular to the 
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coating direction. Higher absorbance in the perpendicular configuration informs that the polymer 
backbone is preferentially oriented perpendicular to the coating direction, given that the transition 
dipole usually has the largest component along the long axis of the polymer backbone. The degree 
of in-plane alignment substantially enhanced with the increase of the IL content in the ion gel, 
quantified by the 0-0 vibrational peak dichroic ratio, RUV-vis = Iper/Ipar (Figure 4-8d). For DPP-BTz, 
RUV-vis was 1.9±0.1 for neat polymer matrix e-P(VDF:HFP) and had an increasing trend reaching 
the value of 6.6±0.2 for 90 wt% IL templates. IL-coated film had RUV-vis of 5.1±0.6 which further 
confirms the synergistic templating effect of IL and polymer matrix. It should be considered that, 
RUV-vis provides a lower bound to the degree of alignment depending on polymer chain curvature 
and its solid-state conformation159, 162. 
PII-2T UV-vis characterizations (Figures 4-9c,d) essentially showed the same effect; the overall 
lower dichroic ratios were attributed to twinned crystalline domains noted in the second chapter as 
well118. Overall, the UV-Vis dichroic ratio follows the same trend as that of CPOM birefringence, 
both showing pronounced and systematic modulation of conjugated polymer in-plane alignment 
by tuning template dynamics/composition and a surprising synergetic effect. Besides dichroic 
ratio, we observed a blue shift of the 0-0 peak position from 873 nm to 846 nm and a decreasing 
0-0/0-1 peak ratio in the perpendicular spectra of DPP-BTz with increasing IL content of the 
template (Figure 4-10); both suggest enhanced H-aggregation resulted from stronger interchain π-
π interactions107. This observation is consistent with increased domain size from AFM 
measurements and higher degree of ordering inferred from the GIXD study discussed below. 
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Figure 4-9. Macro- and meso-scale morphology of PII-2T films coated on various dynamic 
templates. (a) C-POM images with the orientation of crossed polarizers denoted as crossed arrows and the 
single arrow showing the coating direction (all scale bars are 100 μm). With increasing IL content in the 
template, stronger birefringence effect is observed in templated PII-2T thin films. Upon rotation, the whole 
C-POM image uniformly varies in intensity which indicates that the film is highly aligned at the macroscale. 
(b) Tapping-mode AFM height images with 2 μm scale bars, showing increase in domain size with the 
increase of IL content in the template. (b) Normalized absorption spectra of polarized UV-vis spectroscopy, 
where the sign ∥ (⊥) denotes the film orientation when the coating direction is parallel (perpendicular) to 
the axis of the polarizer. (d) Polarized UV-vis dichroic ratio (black) and C-POM birefringence (red) as a 
function of the IL content in the template with a maximum at 80 and 90 wt% IL. The birefringence is 
calculated as the difference between the average intensities when the film is oriented 45⁰ vs. 0⁰ with respect 




Figure 4-10. Peak analysis of polarized UV-vis spectra. 0-0 peak position and 0-0 to 0-1 vibronic peak 
ratio as a function of ion gel composition for (a-b) DPP-BTz and (c-d) PII-2T thin films measured with the 
coating direction parallel and perpendicular (red and blue data points) to the polarizer axis. 
 
(IX) Fengjiao Zhang and Ge Qu performed GIXD measurements. 
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We next used GIXD(IX) (Figures 4-11 to 4-13) to characterize molecular packing, relative degree 
of crystallinity (rDoC), in-plane alignment of crystalline domains and out-of-plane crystallite 
orientation distribution. GIXD measurement unveiled a dramatic molecular orientation transition 
from predominantly ‘face-on’ to mostly ‘edge-on’ in DPP-BTz films with increasing IL content in 
the template (Figure 4-12a). Polymers coated on the polymer-rich substrates, exhibited a well-
defined face-on π-π stacking diffraction (010) along with pronounced in-plane lamellar stacking 
peaks, visible up to (300), in both parallel and perpendicular directions. For IL-rich templates, 
polymer backbone preferentially oriented ‘edge-on’ and perpendicular to the coating direction, and 
out-of-plane lamella peak was easily discernible up to (500). We observed the most intense edge-
on π-π stacking peak and correspondingly the weakest face-on peak intensity for 80 wt% ion gel 
and not the neat IL. 
 
Figure 4-11. Grazing incidence X-ray diffraction (GIXD) measurements set-up. GIXD configuration 
measured via a two-dimensional image plate detector with an incident angle (α) of 0.2° and in-plane 
substrate rotation angle (φ) of 0° to 90° (parallel and perpendicular to the coating direction respectively). 
The polar angle, χ, denotes the out-of-plane orientation of the π-stacks (or lamellar stacks), with χ = 0° (90°) 
representing “face-on” (“edge-on”) orientation with respect to the substrate’s normal. 
 
To quantitatively express the orientation distribution of crystalline domains, we extracted pole 
figures163 using the procedure described in our previous reports26, 172. In Figures 4-12b,c (010) and 
(200) peak intensities are plotted as a function of the polar angle χ and the in-plane rotation angle 
of the substrate, φ, at IL contents of 0, 80 and 100 wt%. In these figures, the ‘face-on’ crystallites 
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are described by the (010) peak at χ=90 and the (200) peak at χ=0, and the ‘edge-on’ crystallites 
by the (010) peak at χ=0 and the (200) peak at χ=90. The pole figures quantitatively validated 
the molecular orientation transition described above. Notably, the population of 80 wt% edge-on 
crystallites are significantly higher than 100 wt% neat IL-templated films. Figures 4-13a,b 
summarizes DPP-BTz stacking distances, FWHM and geometrically normalized peak area. The 
lamellar stacking distance increased by up to 3% comparing IL-rich templates with neat polymer 
matrix. 
To verify the generality of this molecular orientation transition, we characterized PII-2T via 
GIXD (Figures 4-14a-c) and observed a similar phenomenon. The lamellar stacking distance in 
PII-2T films increased with increasing ‘edge-on’ population as well. Such ‘face-on’ to ‘edge-on’ 
orientation transition accompanied by increased lamellar stacking distance suggests that IL-rich 
ion gel dynamic templates enhanced conjugated polymer self-interactions as to expedite its 
crystallization; this is in contrast to strong conjugated polymer-substrate interactions in the case of 
polymer-rich templates of slower dynamics/higher Tg. Enhanced conjugated polymer self-
interactions may have originated from highly enriched conjugated polymer concentration near 
effective dynamic templates shown in our previous work118. 
102 
 
Figure 4-12. Quantifying DPP-BTz molecular packing, orientation and crystallinity via GIXD. (a) 
GIXD patterns measured with the incidence beam parallel and perpendicular to the coating direction above 
the critical angle. Normalized intensity of DPP-BTz (b) π−π stacking (010) peak and (c) lamellar stacking 
(200) peak as a function of pole angle χ and substrate in-plane rotation angle φ for films deposited on 
templates with 0%, 80% and 100% IL. Data was acquired at various in-plane rotation angles of the 
substrate: φ = 0° (parallel), 30°, 60°, and 90° (perpendicular) in terms of the coating direction relative to 
the incident beam. Peak intensities were normalized by the exposure time and the irradiated volume to allow 
direct comparison among various films. Insets illustrate the inferred crystallite orientation. Polymer packing 
schematics are shown in the inset highlighting the increase in “edge-on” to “face-on” crystallites population 
as more IL is added to the template, with the maximum at 80% IL. Lamellar stacking in pure IL is isotropic. 
(d) Normalized edge-on π−π stacking peak area as a function of gel IL wt% for scans parallel and 
perpendicular to the coating direction. (e) GIXD dichroic ratio as a function of IL content in the template 
calculated from R=𝐴𝑃𝑒𝑟/𝐴𝑃𝑎𝑟, where 𝐴𝑃𝑒𝑟 (𝐴𝑃𝑎𝑟) is the normalized area of edge-on π−π stacking peak 
perpendicular (parallel) to the coating direction. (f) Relative degree of crystallinity (rDoC) obtained by 
integrating the π−π stacking peak intensity over χ and φ for templates with 0, 80 and 100 wt% IL. Error 




Figure 4-13. DPP-BTz thin film GIXD orientation and peak analysis. GIXD peak analysis for (B) π-
π (010), and (C) lamellar stacking diffractions representing in-plane and out-of-plane crystallites packing. 
 
We now turn our attention to in-plane alignment informed by the pole figure. From Figure 4-
12a, most conditions exhibit more intense edge-on π-π stacking peak in the perpendicular scans (φ 
= 90) than in the parallel scans (φ = 0), verifying UV-vis data that the polymer backbone 
preferentially oriented perpendicular to the coating direction for edge on crystallites. Normalized 
edge-on π-π peak area comparing parallel with perpendicular scans indicated that the maximum 
in-plane anisotropy occurred at 80 wt% IL content (Figure 4-12d). We quantified the in-plane 
alignment using dichroic ratio defined as RGIXD=A⊥/A∥, where A⊥ and A∥ are the normalized edge-
on π-π stacking peak area with the incidence beam perpendicular and parallel to the coating 
direction, respectively. The highest RGIXD, corresponding to the film coated on 80 wt% IL, 
exceeded 55 which is over 50 times higher than RGIXD for neat e-P(VDF:HFP) template (Figure 4-
12e). This extraordinary enhancement in in-plane alignment of crystalline domains is consistent 
with C-POM and UV-vis results. The significantly higher anisotropy from GIXD measurements 
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suggests that the crystalline domains are driving the overall alignment of the polymer backbone. 
A similar trend was observed for PII-2T films (Figure 4-14d), albeit with lower degree of 
anisotropy due to twinned domains. Most interestingly, conjugated polymer films coated on neat 
IL had lower degree of alignment compared to 80 wt% and/or 90 wt% IL ion gels which once 
again signifies the synergistic templating effect of IL and the polymer matrix consistent with C-
POM and UV-vis observations. 
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Figure 4-14. Quantifying PII-2T molecular packing, peak analysis, and anisotropy. (A) Comparison 
of GIXD patterns of films coated on templates with different elastomer to IL ratio, measured parallel and 
perpendicular to the coating direction with 0.2° incident angle (probing the bulk). Peak analysis for (B) π-
π (010), and (C) lamellar stacking diffractions representing in-plane and out-of-plane crystallites packing. 
(D) Quantifying edge-on π−π stacking anisotropy by dichroic ratio (DR), with highest values at 90% and 
80% IL respectively. Error bars are due to the standard errors of (010) peak areas from multipeak fitting. 
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We further performed a quantitative analysis on the relative degree of crystallinity (rDoC) of the 
conjugated polymer thin films, by integrating the normalized, geometrically corrected peak 
intensities over χ and φ (Figure 4-13f). We found that the rDoC of thin films templated by the 80 
wt% IL templates was ~50% higher compared to the neat polymer template and was even 26% 
higher than the neat IL case. It is worth mentioning that such a drastic improvement in the polymer 
degree of alignment and crystallinity is not achievable simply by varying the coating conditions or 
the choice of solvent. Such enhanced rDoC is consistent with our hypothesis that IL-rich ion gel 
dynamic templates enhanced conjugated polymer crystallization through promoting polymer self-
interactions. 
Morphology-Dependent Field-Effect Transistor Performance. To establish the morphology-
charge transport property relationship, we measured charge carrier mobilities by fabricating field-
effect transistors. Overall device performance was significantly improved for devices coated on 
IL-rich dynamic templates as a result of enhanced alignment and relative degree of crystallinity. 
To quantify the preferred charge transport pathway and anisotropy, we fabricated bottom-gate top-
contact (BGTC) FETs with the channel length parallel and perpendicular to the coating direction 
depicted in Figure 4-15a and b, respectively. As-coated polymer films were transferred to ODTS-
treated SiO2/Si substrates to allow direct comparison among different film morphologies (see 
Methods section for fabrication details). Apparent hole mobilities (μapp) were extracted from the 
transfer curves measured in the saturation regime and summarized in Figure 4-15c. The 
characteristic transfer and output curves comparing the devices coated on templates of 0 wt% and 
80 wt% IL are shown in Figures 4-15d,e. Representative transfer and output curves for all 
conditions are summarized in Figure 4-16. Most transfer curves are close to ideal and free from 
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‘kinks’ commonly observed in high-performance devices. The average reliability factor in FETs 
was calculated to exceed 50%183. 
 
Figure 4-15. DPP-BTz morphology-dependent charge transport properties in FET devices. 
Schematic of (a) parallel and (b) perpendicular BGTC device configuration with 8 nm thick molybdenum 
oxide (MoO3) and 35 nm thick silver (Ag) as source and drain electrodes, OTS-treated 300 nm thick SiO2 
dielectric layer and doped silicon gate terminal. (c) Apparent hole mobility measured in parallel and 
perpendicular directions with respect to the coating direction as a function of template composition, 
extracted from saturation regime at VDS= −100 V. In the inset, in-plane meso-scale morphology is depicted 
highlighting highly aligned and crystalline semiconducting polymer films coated on IL-rich ion gels leading 
to high performance OFETs. (C-D) Representative transfer and output curves corresponding to films coated 
on templates with (d) 0% and (e) 80% IL parallel and perpendicular to the coating direction. The gate 
current (IGS) is plotted as blue scatters to assess the leakage current.
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Figure 4-16. DPP-BTz thin film field-effect transistor characteristics. (a, d) transfer (VDS = −100V), 
(b, e) output curves and (c, f) apparent hole mobility as a function of gate voltage. The gate current (IGS) in 
(A) and (D) is plotted (blue scatters) to assess the leakage current. DPP-BTz films were transferred to OTS-
treated SiO2 and BGTC structure was fabricated by thermally depositing MoO3/Ag electrodes atop. 
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Figure 4-15c presents a systematic enhancement of μapp with increasing IL content in the 
dynamic templates, with the average μapp increased from 0.2±0.1 to 0.7±0.1 cm
2V− 1s− 1 parallel 
(along π-π stacking) and from 0.2±0.1 to 2.0±0.2 cm2V− 1s− 1 perpendicular (along conjugated 
backbone) to the coating direction, compared to neat-polymer-templated devices. We attribute 
such significant enhancement in hole mobilities to boosted in-plane alignment and increased 
degree of crystallinity in films coated on IL-rich templates. Interestingly, best performing devices 
were fabricated from IL-templated films with μapp exceeding 2.8 and 0.9 cm
2V− 1s− 1 along the 
backbone and π-stacking directions, despite higher in-plane alignment and crystallinity in 80 wt% 
ion gel templated films. This could be associated with bimodal ‘face-on’ and ’edge-on’ crystallite 
orientation distribution in IL-templated films, compared to dominantly ‘edge-on’ orientation in 80 
wt% ion gel templated films. It was shown in some cases that bimodal orientation yielded superior 
mobility possibly due to the formation of three-dimensional conduction pathways184-186. 
Furthermore, we observed favorable charge transport along the polymer backbone in highly 
aligned films. Charge transport anisotropy (RFET=μper/μpar) strongly depends on polymer chain 
alignment and while RFET is more than 3 for IL-templated films, it is almost unity for the neat 
polymer matrix templated films. The extent of charge transport anisotropy is substantially lower 
than in-plane alignment quantified by UV-vis and X-ray21, 118, 171, 187. This is not surprising since 
charge transport is limited by grain boundaries, chain-ends and at times amorphous domains which 
were not accounted for in ensemble-averaged degree of alignment and crystallinity. 
We also tested charge transport properties of PII-2T films templated by the ion gel series (Figures 
4-17 and 4-18). With increasing IL content in the ion gel, μapp remained similar in the parallel 
direction (along π-π stacking) within the range of error but increased to peak at 80 wt% IL content 
in the perpendicular direction (along conjugated backbone) to a value more than 4 times than that 
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at 0 wt% IL. Larger crystallite size, higher degree of alignment and crystallinity in IL-rich ion gel 
templated PII-2T films significantly improved charge transport along the polymer backbone. 
However, twin boundaries perpendicular to coating (Figure 4-9b) may be the limiting factor 
hindering charge transport along the π-π stacking direction. Figure 4-18 summarizes transfer, 
output, and gate voltage dependent hole mobility for best performing devices at each condition. 
Again, most transfer curves were close to ideal with calculated reliability factor more than 50% 
for the whole series. We note that no exhaustive effort was spent on optimizing the device 
performance as the primarily focus is on morphology-device property relationship in this study. 
 
 
Figure 4-17. PII-2T charge transport properties in FET devices as a function of template IL 
content. Apparent hole mobility measured in parallel and perpendicular directions with respect to the 
coating direction as a function of template composition in TGBC device geometry. 
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Figure 4-18. PII-2T thin film field-effect transistor characteristics. (a, d) transfer (VDS = −100V), (b, 
e) output curves and (c, f) apparent hole mobility as a function of gate voltage. The gate current (IGS) in (A) 
and (D) is plotted (blue scatters) to assess the leakage current. DPP-BTz films were transferred to OTS-
treated SiO2 and BGTC structure was fabricated by thermally depositing MoO3/Ag electrodes atop. 
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Demonstrating Dual Functionality of Ion Gels as Dynamic Templates and Gate Dielectrics. 
It is well-demonstrated that ion gels are great candidates for gate dielectrics in printed electronics, 
given their solution processability, high capacitance, fast polarization response and optical 
transparency188-190. The high capacitance of ion gel dielectrics is attributed to the formation of 
electrical double layers (EDLs) which enables high performing transparent OFETs operated at 
low-voltage. Above, I demonstrated comprehensively the use of ion gels as dynamic templates for 
enhanced morphology and electrical properties of conjugated polymer thin films. Next, we 
combine these advantages with the exceptionally high capacitance of ion gels for the fabrication 
of high-performance ion-gel-gated FET devices. We used 80 wt% IL ion gels to prepare bottom 
gate, top contact devices with DPP-BTz as the semiconducting layer. Device configuration is 
depicted in Figure 4-19a and the corresponding optical microscopy image is shown in Figure 4-
19b (see Methods section for fabrication details). Typical output and transfer characteristics are 
shown in Figures 4-19c-f, measured with the channel length parallel (along π-π stacking) and 
perpendicular (along conjugated backbone) to the coating direction. Output curves exhibited 
excellent gate modulation of the drain current and at high VDS, IDS clearly become saturated. The 
saturation current is close to 10 mA at low VGS= –2.25 V and VDS= –1.5 V, a direct result of high 
charge carrier mobility in exceptionally ordered DPP-BTz and the high capacitance of ion gels. 
Transfer characteristics shows linear dependence of |ISD|
1/2 as a function of VGS in the saturation 
regime, with low gate leakage current which is approximately three orders of magnitude lower 
than the drain current at VGS> Vth (Figures 4-19e,f). Based on previous works, ion gel capacitance 
measured by impedance spectroscopy strongly depends on frequency188, 190-191. 
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Figure 4-19. High performance FET devices using ion gel as both the dynamic template and the 
gate dielectric layer. (a) Schematic of the BGTC device configuration with silver (Ag) as source and drain 
electrodes, 80 wt% IL ion gel as the dielectric layer and ITO-patterned glass as the gate terminal. (b) Optical 
microscopy image of ion gel dielectric devices. Representative (c and d) output and (e and f) transfer curves 
of the highest performing devices with the channel length parallel (c and e) and perpendicular (d and f) to 
the coating direction. The leakage current is illustrated as blue dashed lines. Hysteresis is evident between 
the forward and reverse traces and increases slightly at higher scan rates consistent with previous reports 
implementing ion gels as dielectric layer. A saturation current more than 9 mA is obtained at VGS = −2.5 V 
and VDS = −1.5 V as a result of dynamic-template-enhanced film morphology and high capacitance of the 
ion gel. (g and i) Gate-voltage-dependent apparent hole mobility plots corresponding to the transfer curves 
in e and f. (h and j) Histograms of the hole mobilities calculated from 10 devices with the active channel 
parallel (h) and perpendicular (j) to the coating direction. Average apparent hole mobility values extracted 
from the saturation regime at VDS= −1.5 V was μapp=5.9±1.0 cm2V− 1s− 1 (parallel) and μapp=11.8±2.1 cm2V− 
1s− 1 (perpendicular), respectively. The average on/off ratio for the devices parallel and perpendicular to the 
coating direction are (3.0±2.0)×104 and (7.5±2.0)×105. The average threshold voltage for parallel and 
perpendicular devices are -0.72±0.14 V and -0.88±0.11 V. 
 
To accurately calculate charge carrier mobility, we measured the specific capacitance of the 
employed dielectric layer using quasi-static capacitance measurements as a frequency independent 
method (Figure 4-20). We calculated the capacitance of a 2 μm thick 4:1 wt ratio [EMIM][TFSI]:e-
P(VDF:HFP) dielectric layer to be 29±2 μF/cm2 from more than 10 independent devices, which is 
in good agreement with frequency-dependent measurements reported previously for 
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[EMIM][TFSI] based ion gel dielectrics, extrapolated to the zero frequency limit189-192. We note 
that the capacitance at the zero-frequency limit is most relevant to our case. Correspondingly, 
apparent hole mobilities in the saturation regime averaged 5.9±1.0 cm2V−1s−1 and 11.8±2.1 
cm2V−1s−1 in the parallel and perpendicular directions, respectively (Figures 4-19g-j). 
 
Figure 4-20. Voltage dependent quasi-static capacitance measurements of the 80% IL templates. 
Voltage dependence capacitance measurements with 0.1 V steps measured from -1 V to +1 V. In the inset 
the structure used for the measurements is depicted. 
 
Mechanistic studies using MD simulations. As discussed above extensively, our multiscale 
morphology characterizations revealed a synergistic effect between the IL and the polymer matrix 
in IL-rich ion gels. As a result, conjugated polymer alignment and crystallinity were improved 
significantly, beyond the levels achieved using either the neat IL or the neat polymer templates. 
Compared to 100wt% IL templated thin films, the in-plane alignment for DPP-BTz films deposited 
on 80-90 wt% IL templates is ~28% higher determined by C-POM birefringence and polarized 
UV-Vis, the ‘edge-on’ π-π stacking peak is twice as intense, and the relative degree of crystallinity 
exhibited a ~27% increase from GIXD analysis. We hypothesize that this phenomenon is attributed 
to synergistic multivalent interactions of the two components of ion gel with the conjugated 
polymer, facilitated by rapid adaptability of the ion gel template evident from contact angle 
measurements and MD simulations. We believe that the synergy in the multivalent interactions 
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arises from complementary chemistries of IL and e-PVDF-HFP, which associate with different 
‘binding sites’ of the conjugated polymer. Such cooperative multivalent interactions have been 
studied extensively in other areas193-195. 
To test this hypothesis and to gain further insight on the intermolecular interactions, we carried 
out MD simulations on CF solution of DPP-BTz oligomer in contact with the ion gel template 
(Figure 4-21a,b). Consistent with our previous work118, the conjugated oligomer formed a 
concentrated layer near the ion gel surface with >8 times the distribution probability relative to the 
bulk solution (Figure 4-21c). This is a result of strong interaction between DPP-BTz and the ion 
gel template. We next turned our attention to the role of ion gel components in the binding process. 
Simulation snapshots (Figure 4-21d) clearly show that both [EMIM][TFSI] and e-P(VDF:HFP) 
interact with the conjugated molecule. This is quantified in Figure 4-21e by calculating the number 
of species in contact with DPP-BTz at each time. As expected, IL (esp. the cation) is interacting 
significantly stronger than the polymer matrix. But most importantly, this result shows that the IL 
ions and the polymer matrix interact simultaneously with the conjugated molecule, signifying the 
synergistic enhancement in the overall interaction.  
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Figure 4-21. MD simulations investigating the interactions between the ion gel and DPP-BTz. (a) 
Representative snapshot illustrating the interaction between the ion gel template and DPP-BTz oligomer. 
(b) Chemical structure of the employed DPP-BTz tetramer in MD simulations. DPP-BTz oligomer 
(tetramer) with reduced alkyl chains length is employed given the constraint on MD simulation box size to 
reduce the computation time to a reasonable time frame. (c) The excess probability distributions of the 
closest heavy atom distance between the DPP-BTz oligomer and the ion gel template. We normalized the 
distribution probability by the bulk value to directly compare the spatial distribution of the conjugated 
molecule near the ion gel surface with that of the bulk. (d) Snapshot of the simulated system illustrating the 
synergistic interaction between [EMIM][TFSI] and e-P(VDF:HFP) with DPP-BTz oligomer. The black line 
indicates the periodic simulation box. (e) The number of [EMIM]+ and [TFSI]- ions and e-P(VDF:HFP) 
chains within a distance of 5 Å from DPP-BTz tetramer as a function of simulation time. Decoupling the 
contribution of IL and polymer matrix in the overall interaction implies that IL and e-P(VDF:HFP) 
simultaneously interact with DPP-BTz at the ion gel interface. (f) Contact frequency of the conjugated 
backbone and the sidechains of DPP-BTz with VDF and HFP blocks of the e-P(VDF:HFP). The contact 
frequency is calculated by counting the total number of frames that have molecular contact between the 
individual parts of DPP-BTz and e-P(VDF:HFP), normalized by the total number of frames that have 
contact between DPP-BTz and e-P(VDF:HFP). A contact is counted if the minimum distances between the 
partial structures of the DPP-BTz and e-P(VDF:HFP) are less than 5 Å. The error bars on the contact 
frequency were determined by dividing the simulation trajectories into 3 blocks and calculating the standard 
deviation of the block average contact frequencies. 
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In addition, from simulation snapshots we noticed that e-P(VDF:HFP) doesn’t line-up with the 
oligomer backbone and mainly interacts with the alkyl side chains. We evaluated this observation 
by calculating the contact frequency between the polymer matrix blocks and the conjugated 
molecule (Figure 4-21f). Notably, e-P(VDF:HFP) interact with alkyl sidechains almost two times 
stronger than with the conjugated backbone. This is opposite to the IL which mainly interacts with 
the conjugated core demonstrated by 1H NMR measurements118. In conclusion, the complementary 
chemistries of IL and e-P(VDF:HFP) in the ion gel enables multivalent binding with the 
conjugated polymer. Specifically, IL interacts with the conjugated backbone via electrostatic and 
ion-π interactions, and e-P(VDF:HFP) with the alkyl side chain via van der Waals interactions. 
The outcome of such complementary multivalent binding is a synergistic templating effect induced 
by the ion gel that outperforms both neat phases. 
4.3 CONCLUSIONS 
In summary, we designed ion-gel dynamic templates of widely tunable dynamics with Tg 
spanning from -20°C to -93°C by varying the ion gel composition. Although surface-sensitive XPS 
characterizations showed that IL content on the ion gel surface did not exceed ~55 wt% in vacuum, 
dynamic contact angle measurements demonstrated that ion gel surface composition can adapt 
within <500 μs in response to the ink environment. These results were further verified by MD 
simulations showing 43% increase in surface IL content upon exposure to the solvent. Next, we 
systematically modulated conjugated polymer thin film morphology during solution coating by 
tuning the ion gel template composition and therefore dynamics. Our comprehensive multiscale 
morphology characterizations of ion-gel templated DPP-BTz thin films showed that, as the IL 
content of the ion gel increases from 0 to 80-90 wt%, the film exhibited 4.6 times higher 
birefringence, 3.5 times higher and 50 times higher UV-Vis and GIXD dichroic ratios respectively, 
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indicating improved in-plane alignment. At the same time, the relative degree of crystallinity 
increased by almost 50%. Moreover, out-of-plane molecular orientation transitioned from ‘face-
on’ to ‘edge-on’. We infer that such drastic morphology change is due to enhanced conjugated 
polymer self-interactions and expedited crystallization as the ion gel dynamics increases. 
Compound effect of higher degree of alignment and crystallinity for films coated on IL-rich ion 
gels led to significantly improved apparent hole mobility along both the polymer backbone (from 
0.3 to 2.8 cm2V− 1s− 1) and the π-stacking direction (from 0.3 to 1.1 cm2V− 1s− 1), compared to 
devices templated by neat polymer matrix. Finally, we employed the ion gel template also as a 
high-capacitance dielectric layer to attain OFETs with average apparent hole mobility as high as 
11.8 cm2V− 1s− 1 along the conjugated backbone. Throughout the study we used a second 
conjugated polymer PII-2T to ensure the generality of the dynamic templating effect. For both 
polymer systems, we observed a surprising synergistic effect that there exists an optimal IL to 
polymer matrix ratio of the ion gel which outperformed both the neat IL- and the neat polymer 
matrix-based templates. Through MD simulations, we elucidated that such synergy between IL 
and the polymer matrix could arise from their cooperative multivalent binding with the conjugated 
polymers. We anticipate that our novel dynamic templating method and mechanistic insights will 
help enable exquisite morphology control for high performance printed electronics and other 
functional soft matter. 
4.4 METHODS 
Dynamic template preparation and characterizations. We prepared ion gel dynamic 
templates by co-dissolving the IL, 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]) ≥98% (purchased from Solvionic) and 
polyvinylidene fluoride-co-hexafluoropropylene e-P(VDF:HFP) with VDF to HFP molar ratio of 
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55:45 (Dyneon Fluoroelastomer FE purchased from 3M Company) in room temperature acetone 
(Optima grade, Fisher Scientific) stirring for >3 hours to fully dissolve. The weight ratio among 
e-P(VDF:HFP) and acetone was kept at 1:8, and [EMIM][TFSI] weight was adjusted accordingly 
based on the desired mixing ratio. The clear and homogenous solution was spin-coated on Corning 
glass substrates at 2000 rpm for 1 minute using on-the-fly-dispensing method196. The substrates 
were then left to dry overnight at 80°C in an inert environment (Nitrogen glovebox). All obtained 
films were transparent, and their thickness was 1-2 μm (estimated by tapping mode AFM 
measurements and optical microscopy). Thus, we believe none of the microstructural and 
morphological transitions would depend on the template film thickness. Substrates with neat IL 
defining the surface chemistry was prepared with the same procedure reported in our previous 
work118. 
Thermal transition measurements were conducted using Q20 (TA Instruments) Differential 
Scanning Calorimeter from –90 °C to 15 °C at cooling/heating rates of 10 °C.min-1 with Argon as 
the carrier gas. Samples weighing ~ 4–8 mg were prepared by drop casting the solution on a glass 
substrate, annealing to remove the solvent for >24 hours and transferring the films to a sealed 
hermetic aluminum pan for measurements by pealing them off. Fourier transform infrared (FTIR) 
spectroscopy was conducted using a Nicolet iS5 FTIR spectrometer at ambient temperature on 
elastomer-IL hybrid films, spin-cast on silicon substrates with different weight ratios, in the range 
of 500–4000 cm−1 with a wavenumber resolution of 1 cm−1 (step size of < 0.5 cm-1). X-ray 
photoelectron spectroscopy data was obtained via a Kratos Axis Ultra XPS system (Krato 
Analytical Ltd.) under high vacuum (1×10-9 torr) with a monochromatic Al-K X-ray source (14 
kV, 10 mA). Incidence angle was set at 90° resulting in penetration depth <10 nm.
(X) Seok-Heon Jung and Jin-Kyun Lee synthesized DPP-BTz, and Xikang Zhao and Jianguo Mei synthesized PII-
2T conjugated polymers. 
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High-resolution XPS spectra were obtained at a constant pass energy of 40 eV and a step size of 
0.1 eV and an exposure time of 400 ms. Peak analysis and deconvolution were performed with 
CasaXPS software. For sessile contact angle measurements, the known volume of the CF sessile 
droplet was gently placed on the substrate and evaporation was monitored in an experimental cell 
avoiding external air flow perturbations. The droplet evaporation was recorded using a digital 
camera and after image processing geometrical parameters were estimated as a function of time, 
using drop shape analyzer software (DROPimage Advanced Ramé-hart). Receding contact angle 
measurements was carried out using a micro-syringe with stainless steel flat needle, and quasi-
static contact receding contact angle was measured while shrinking the droplet volume was 
shrinking. 
Conjugated polymer thin film fabrication. Poly[[2,5-bis(2-octadecyl)-2,3,5,6-tetrahydro-3,6-
diketopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt-(2-octylnonyl)-2,1,3-benzotriazole] (DPP-BTz) 
(Mn=176 kg.mol
-1 and PDI=2.5) and isoindigo-alt-bithiophene based polymer (PII-2T) (Mn=118 
kg.mol-1 and PDI=2.5) were synthesized(X) as reported before21, 26, 118, 134. DPP-BTz (PII-2T) 
solution was prepared by dissolving the polymer semiconductor in anhydrous chloroform (Macron 
ACS grade) at 5.0 (7.5) mg/mL and stirred until a clear homogeneous solution was obtained. 
Semiconducting polymer thin films were deposited onto substrates by a meniscus-guided coating 
(MGC) method using an ODTS-treated Si blade118. The MGC setup involves a stationary substrate 
and a moving blade, with ink solution sandwiched in between. The blade was tilted by 8°, with the 
blade edge set 100 μm above the substrate surface for the film deposition process. The substrate 
temperature was fixed at 25 °C and the speed of the blade was 0.25 and 0.5 mm/s for depositing 
DPP-BTz and PII-2T, respectively. 
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For C-POM, AFM, and GIXD measurements, as-coated polymer films were transferred to 
ODTS-functionalized silicon wafer with 300 nm thermally grown SiO2 by the following 
procedure. First, the ODTS-treated substrate was brought in contact with the as-coated film by 
placing it inversely atop. After establishing the interface contact, the whole sandwiched structure 
was immersed in an orthogonal solvent (acetonitrile) that is capable of dissolving ion gel template 
but keeping the conjugated polymer film intact. Meanwhile an external force was imposed on the 
ODTS substrate fixing the sandwiched structure. After 12 hours the film was completely 
transferred, and the ODTS substrate with conjugated polymer film atop was immersed in fresh 
acetonitrile bath for another 12 hours to remove remaining residuals. Finally, the ODTS substrate 
with the transferred film atop was dried with Nitrogen gas and stored in an inert glove box 
overnight to remove the remaining acetonitrile. This generic transfer method allows for direct 
comparison across the series of substrates and avoids the active layer of semiconductor being 
doped by the template. 
Thin film morphology characterizations. We visualized polymer films using a Nikon Ci-POL 
optical microscope to observe birefringence under crossed polarized light. To quantify 
birefringence as a function of template IL content, we measured average intensity of several 
random cross-sections within each image to calculate its brightness. Then, we calculated the 
intensity difference of the film when coating direction was oriented 0⁰ vs. 45⁰ with respect to the 
polarizer axis. Larger values correspond to higher birefringence of the polymer film. The sample 
was centered on a microscope stage so that the obtained images correspond to the same area while 
the stage was rotated. Tapping mode AFM measurements were carried out using an Asylum 
Research Cypher instrument (Asylum Research), to compare the mesoscale morphologies and 
measure the semiconducting layer thickness. Solid-state transmission UV-Vis spectroscopy 
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measurements were recorded at room temperature on an Agilent Cary 60 UV-Vis spectrometer, 
with the incident light polarized vertically via a broadband sheet polarizer. As-coated films on 
various templates were scanned within the wavelength of 400-1000 nm after subtracting 
background. Samples were rotated relative to the coating direction to determine polymer chain. 
Grazing-incidence X-ray diffraction (GIXD) was performed at the small-wide-angle X-ray 
scattering beamline 8-ID-E at the Advanced Photon Source (Argonne National Laboratory) with 
an X-ray wavelength of 1.14 Å (Ebeam=10.92 keV), with a two-dimensional Pilatus 1M detector 
for data collection164. For GIXD measurements, all semiconducting polymer films were transferred 
to ODTS-treated Si substrates with native oxide (keeping all substrate’s backgrounds diffractions 
invariant) and scanned in a Helium chamber, with a 278-mm sample-to-detector distance. The 
incidence angle was 0.14 and the exposure time was 10 s. Each sample was scanned at various 
in-plane rotation angle, , by rotating the substrate with respect to the incidence beam by 0, 30, 
60 and 90.  is defined as 0 (90) when the coating direction is oriented parallel (perpendicular) 
to the incident beam. Data analysis was performed with the software GIXSGUI, which includes 
correction for the polarization of the synchrotron x-ray beam, detector nonuniformity and 
sensitivity131, 164. Partial pole figures were constructed by extracting - stacking peak (010) 
intensities as a function of the polar angle, , (binned into 9 sectors from 10-88) to analyze out-
of-plane crystallite orientation distribution as well as relative degree of crystallinity. To calculate 
the peak intensities, precise manual multipeak fitting was performed using Igor Pro software 
(WaveMetrics) on the intensity vs. q curve obtained from each segment along the  axis to 
deconvolute the π-π stacking peak from the amorphous ring, SiO2 scattering and the ODTS peak. 
The peak intensity was automatically normalized since the irradiated volume remained the same 
across the samples by keeping the film area and thickness constant throughout substrate series 
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(sample dimension was larger than the beam footprint). The edge-on π-π stacking peak and the in-
plane lamella stacking peak were obtained from a sector cut between -88⁰<χ<-83⁰. Face-on π-π 
stacking peak and the out-of-plane lamella stacking peak were obtained from a sector cut between 
-15⁰<χ<-10⁰. The π-π stacking peak was fitted with a Lorentzian function to obtain the diffraction 
parameters including peak position and area and full width half-maximum (FWHM). 
 Device fabrication and electrical characterization. After transferring the semiconducting 
DPP-BTz and PII-2T films to highly n-doped Si (gate) with an ODTS-functionalized 300 nm SiO2 
layer (dielectric), bottom gate top-contact FET configuration was fabricated by thermally 
evaporating 8 nm molybdenum oxide (MoO3) and 35 nm silver (Ag) electrodes (source and drain) 
onto the polymer films via a shadow mask. XPS measurements showed no detectable IL residual 
within the top 10 nm of the polymer surface118 where charge transport in FETs occur. The channel 
length (L) was 47 μm and the channel width (W) was 840 μm. All electrical measurements were 
performed in a nitrogen environment using a Keysight B1500A semiconductor parameter analyzer. 
The apparent hole mobilities were calculated from the saturation region (VDS= −100 V) of transfer 




2, where IDS is the drain-source current, Ci is the 
capacitance of the dielectric (11 nF/cm2 for ODTS-treated 300 nm SiO2 dielectric), VGS is the gate 
voltage, μapp is the apparent mobility, and Vth is the threshold voltage. W and L are the channel 
width and length of the transistors. Transfer characteristics were measured by sweeping from 0 to 
-100 V and back at the rate of 40 mV.s-1. Average data were calculated from analysis of more than 
10 independent devices. 
To fabricate OFETs with ion gels as the dielectric layer, ion gel solution was spin-coated, with 
the same condition described above, on patterned ITO/glass substrates. Next, the substrate was 
heated at 80°C in a Nitrogen glovebox overnight to physically cross-link the gel template. A 10 
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mg/mL DPP-BTz solution was coated atop serving as the semiconducting layer. Silver electrodes 
with 80 nm thickness were thermally evaporated on the semiconducting layer via shadow mask 
with channel width and length of 3750 and 45 μm respectively. We only used silver as source/drain 
electrode to minimize the electrode deposition time in thermal evaporator and to avoid any damage 
to soft ion gel dielectric/conjugated polymer interface that can lead to inferior FET performance. 
Relatively large thickness of electrodes was used to ensure electrodes connectivity, despite 
polymer film cracks ascribed to DPP-BTz high degree of crystallinity. Deposition rate was 
increased to 2 nm.s-1 for the same reason. Same instrumentation and measurement environment 
were used as explained above. However, source and drain terminals were connected using gold 
microwires in order to avoid short circuit by breaking into the semiconducting layer. The drain 
current was measured while sweeping VGS from 0 V to -1.5 V at a constant VDS= -1.5 V. The hole 
mobility of the transistors was calculated in the saturation regime similar to devices with 
ODTS/SiO2 dielectric layer. The device showed a reasonable ON/OFF current ratio of ∼104-105. 
Quasi-static capacitance-voltage (QSCV) measurements. QSCV measurements were 
conducted using a conductor/dielectric layer/conductor structure wherein poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) and Ag were used as the top and 
bottom electrodes respectively and ion gel template with 4:1 [EMIM][TFSI]:e-P(VDF:HFP) 
served as dielectric layer. Silver electrodes were thermally deposited on glass substrates and after 
ion gel solution was spin-coated on the substrate, 3.0-4.0 wt% high-conductivity grade 
PEDOT:PSS (Sigma–Aldrich) water solution was drop-cast on ion gel forming the top conductive 
layer. Overlapping area was measured by optical microscopy and later used for capacitance 
measurements. Upon sweeping the bias applied to the top contact from negative to positive 
voltage, capacitance was increased and then decreased in an almost symmetric manner to positive 
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and negative carrier accumulations respectively. Keysight B1500A semiconductor parameter 
analyzer automatically measured the leakage current (ILeak) before and after the QSCV 
measurements and subtracted it out before reporting the final value. The capacitance was measured 
at ∆V/∆t =0.1 and 0.2 V s−1 with voltage ranging from -3 to 3 V, -2 to 2 V and -1 to 1 V and results 
were independent of scan rate or voltage range. The quasi-static C is calculated from the measured 
current divided by the constant voltage change and area, 𝐶 =
𝐼∆t
𝐴∆V
. We note that, ion gel dielectric 
capacitance is thickness-independent due to electrical double layer formation. 
MD simulations and analysis. All the MD simulations were performed with the AMBER18 
MD software package197 on the Blue Waters petascale computing facility. In all cases, the MD 
simulations were carried out following standard protocols. Specifically, beginning with an initial 
random configuration generated using the Packmol198, we then subjected the system to a long 
equilibration prior to the data collection. In all cases, the force field parameters were derived from 
the general AMBER force field (GAFF)199. All the partial charges were derived using the 
AM1/BCC method as implemented in the AMBERTools14197. A previous study has reported that 
the GAFF is able to accurately predict IL transport and thermodynamic properties200. Periodic 
boundary conditions were employed in all the simulations with an integration time step of 2 fs. 
Particle-mesh Ewald method201 was used to treat electrostatic interactions with a 10 Å cut-off 
distance. The SHAKE algorithm125 was applied to constrain the length of covalent bonds involving 
hydrogen atoms to their equilibrium values. Berendsen thermostat and barostat202 were used to 
maintain the system temperature and pressure (for simulations in constant pressure ensemble only). 
For investigation ion gel interfacial properties, we performed extensive all atom MD simulations 
to compare ion gel surface properties under vacuum and upon exposure to chloroform. Based on 
our XPS results, the ion gel template with 80 wt% pre-gel solution IL contains 55 wt% IL in the 
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top surface. We generated the initial configuration of our modeled ion gel structure through 
random packing of [EMIM][TFSI] and e-P(VDF:HFP) polymer matrix (close to 55 wt% IL). The 
initial configuration was then subjected to long equilibration at 1000 K, followed by a fast-thermal 
quench to 600 K and then 300K. The obtained configuration after thermal equilibration was used 
for studying the ion gel surface properties. We validated the modeled ion gel structure by 
characterizing the gel ionic conductivity and comparing with the ionic conductivity of IL, as 
measured from the MD simulation trajectories. Details of the ion gel structure modeling 
procedures are described below. 
The e-P(VDF:HFP) polymer matrix was modeled as a triblock copolymer chain with 30 VDF 
units and 30 HFP units ((VDF)15(HFP)30(VDF)15). Although the average molecular weight of the 
actual copolymer chains is much larger than that of our model, we aimed to utilize a simplified 
representation of the copolymer chain to model the local ion gel structure. To build an e-
P(VDF:HFP) chain, individual blocks were first constructed and equilibrated in IL environment. 
Next, the equilibrated blocks were connected to build the full-length copolymer chain followed by 
further equilibration. Steps of building the copolymer chain are as follows: 1-Single polymer 
chains, each containing 15 VDF or 15 HFP monomers, were constructed using Maestro203 and 
optimized by its built-in Geometry Cleanup function. 2-The optimized VDF and HFP polymer 
chains were mixed with 480 IL ionic pairs (structures drawn with Maestro203) in orthogonal 
simulation boxes. A series of MD simulations were performed to equilibrate the systems in the 
following order: (i) 10,000 steps of minimization. (ii) 1 ns heating from 0 to 10 K in NVT 
ensemble. (iii) 1 ns equilibration at 10 K in NPT ensemble. (iv) Heating from 10 to 600 K and 
maintaining the system at 600 K in NPT ensemble for 10 ns. (v) Annealing to 300 K and 
maintaining the system at 300 K in NPT ensemble for 10 ns. (vi) After equilibration, the final 
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conformations of VDF and HFP chains were connected to build the triblock copolymer chain 
(VDF)15(HFP)30(VDF)15 using Chimera
204. (vii) e-P(VDF:HFP) chain was mixed with 960 
[EMIM][TFSI] ionic pairs. The system was then subjected to equilibration using the protocols 
described above. The resulting conformation was used as the initial structure of triblock copolymer 
chain for the next steps.  
The obtained starting structure of e-P(VDF:HFP) chain, [EMIM]+ and [TFSI]- were utilized to 
build the bulk ion gel configuration. The initial bulk configuration of the ion gel was randomly 
generated using the Packmol198 and followed by equilibration at high temperature and subsequent 
thermal quench. Based on our XPS results, the template with 80 wt% IL in the pre-gel solution 
contains 55 wt% IL in the top surface. Therefore, the simulated ion gel was made of 34 e-
P(VDF:HFP) chains and 560 [EMIM][TFSI] ionic pairs. The initial dimensions of the simulation 
orthogonal box were 100×100×50 Å. After 10000 steps of energy minimization, the system was 
slowly heated for 1 ns from 0 to 10 K in NVT ensemble and maintained at 10 K for another 1 ns. 
Next, the system was slowly heated from 10 to 1000 K and maintained at 1000 K for 5 ns. After 
equilibration at high temperature, the system was cooled down to 600 K and equilibrated for 5 ns. 
Finally, all the systems were cooled down to 300 K and equilibrated for 5 ns. The resulting bulk 
configuration was used for further simulation studies. To validate the accuracy of the obtained ion 
gel bulk structure after equilibration, we calculated the ionic conductivity for both the ion gel and 
the neat IL from simulations and compared it with the experimental results obtained from 
electrochemical impedance spectroscopy. We performed 20 ns of MD simulations on the bulk of 
the neat IL and the ion gel. For the neat IL simulation, 280 ionic pairs were packed into a cubic 
simulation box. For the ion gel simulation, the equilibrated structure after thermal quench was 
employed. The simulations were performed at constant temperature and constant pressure (300 K 
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and 1 atm (NPT)) with periodic boundary conditions. The trajectories were saved every 2 ps and 
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The calculation of diffusion constant was performed using the CPPTRAJ in AMBERTools14204. 
Ionic conductivity was then estimated from the Nernst-Einstein equation205 using diffusion 




   (4-2) 
where c is the charge carrier number concentration (𝑐 =
𝑁𝑐
𝑉⁄ ), e is the charge of cation and 
anion, 𝑘𝐵 is the Boltzmann constant, and T is the temperature.  
To characterize the ion gel interfacial characteristics under the vacuum, we performed MD 
simulation of the equilibrated ion gel configuration. Herein, a large vacuum layer was added along 
the z dimension of periodic simulation box. As a result, the z dimension of the simulation box 
increased from 46 to 200 Å while the x and y dimensions remained unchanged. The simulation 
was performed at 300 K in NVT ensemble with periodic boundary conditions. To mimic the 
physically cross-linked network of the e-P(VDF:HFP) chains, position restraints were applied on 
5 backbone heavy atoms (evenly distributed along the copolymer backbone) with a force constant 
of 2 kcal mol-1. We ensured that the overall e-P(VDF:HFP) chains remained dynamic. A single 
simulation was launched on the equilibrated ion gel structure for a total simulation time of 240 ns. 
The details of simulating the ion gel interfacial properties upon exposure to chloroform is 
described in the next section.  
To better understand the synergistic templating effect between [EMIM][TFSI] and e-
P(VDF:HFP) which led to superior polymer chain alignment and crystallinity in ion gel-templated 
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films, we performed MD simulations with full atomic details to realistically capture the molecular 
interactions between templates and conjugated polymer. The simulation box contained two layers: 
the ion gel template and the DPP-BTz/chloroform solution. Given the constraints on the simulation 
box size, the simulated DPP-BTz oligomer included 4 monomers and alkyl chains were shortened 
to almost 1/3 of the original lengths. We acknowledge that approximating polymers with shortened 
lengths of backbone and alkyl chain is a limitation of our simulation study given the large system 
size. From the simulations on DPP-BTz/chloroform and the ion gel template we investigated the 
ion gel interfacial properties upon exposure to chloroform (mimicking the contact angle 
experiments). 
The equilibrated configuration of the ion gel was employed as the templating substrate structure. 
The packed chloroform solution layers (containing single DPP-BTz oligomer and varying numbers 
of chloroform molecules) were added along the z dimension of the ion gel template. In total, 10 
random initial configurations with DPP-BTz evenly distributed in the chloroform solution layer 
along the z direction of the periodic simulation box were generated. After 10,000 steps of energy 
minimization, each system was slowly heated from 0 to 10 K in NVT ensemble for 1 ns and 
subsequently maintained at 10 K (NPT ensemble) for 1 ns. Next, the system was slowly heated 
from 10 to 300 K and maintained at constant temperature and pressure for 2 ns. Production runs 
were launched from the equilibrated configurations and performed in NPT ensemble (300 K, 1 
atm). 10 parallel simulations were run each with a total simulation time of 240 ns. 
(XI) Part of this work is contained within a manuscript: Mohammadi, E.; Huang, K. -Y.; Kafle, P.; Diao, Y., The 
Critical Role of Complementary Chemical Moiety in Cooperative Dynamic Assembly of Conjugated Polymers. This 
manuscript is in preparation. 
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CHAPTER 5. THE CRITICAL ROLE OF MULTIVALENT INTERACTIONS IN 
COOPERATIVE DYNAMIC ASSEMBLY OF CONJUGATED POLYMERS(XI) 
5.1 INTRODUCTION 
Conjugated polymers (CPs) have attracted great attention for their promising applications in 
flexible and wearable electronics during the past decade3, 12. This is due to their light weight, 
unique mechanical flexibility and cost-effective fabrication techniques2, 76-78. Optoelectronic 
properties of printed CP thin films depend strongly on multiscale morphology parameters15, 17, 25, 
46, 79-84, 166-168, 170. However, controlling these parameters all at once is challenging and printed CP 
thin films often suffer from low performance due to low degrees of multiscale molecular 
ordering28-29, 89. Many variables could influence the CP assembly during solution coating such as 
deposition methods and conditions20-21, 26, 35, 37, 103, 118, 135, 169, 171-172, molecular engineering23, 134, 173 
and substrate surface properties22, 26, 33, 45, 47-48, 51-52, 55. Specifically, studying surface-induced 
crystallization is important because it can offer an opportunity to develop methods for controlling 
morphology across multiple length scales agnostic to the molecular design and processing 
approach. Many studies reported on modulating CP molecular ordering via controlling CP-
substrate interactions through surface chemistry26, 49-50, 52 and dynamics118. However, it is 
necessary to systematically study the type of interactions critical to CP surface-induced 
crystallization to elucidate the underlying mechanism and develop universal methods for 
multiscale morphology control. 
Multivalent interactions are key to many biological processes206 as well as the assembly of 
complex supramolecular structures193, 207. The rational is that the interaction between two 
molecular systems tend to be much stronger when multiple binding sites of the two simultaneously 
interact with each other208. Therefore, new multivalent systems can be designed to guide assembly 
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of highly ordered structures not attainable from their monovalent counterparts209-210. Various 
studies demonstrated promoting the assembly of nanoparticles209 and macromolecules210 by 
exploiting this design principle. However, this concept was never applied to semiconducting 
polymer assembly. 
In this work, we systematically investigate the role of multivalent interactions enabled by the 
dynamic templates capable of optimizing their surface structures in response to the assembling 
media118. Diversifying the chemical composition of the dynamic templates is employed as the main 
method to introduce additional binding site for CP-substrate interactions. Correspondingly, hybrid 
templates are constructed from an ionic liquid, a hydrogen-bonded liquid and a fluoropolymer. 
Fourier-transform infrared (FTIR) spectroscopy measurements verified the favorable 
complementary CP-template interactions. To comprehensively characterize dynamic template-
directed multiscale morphology, we carried out cross-polarized optical microscopy (C-POM), 
atomic force microscopy (AFM), ultraviolet–visible spectroscopy (UV-vis) and grazing incidence 
X-ray diffraction (GIXD). Our results demonstrated significantly enhanced in-plane alignment and 
crystallinity of CP thin films coated on multivalent dynamic templates compared to their neat 
constituents. We attribute this phenomenon to the strong CP-template multivalent interactions 
strengthened by complementary binding sites and rapid surface reconfigurability. As a result, free 
energy barrier to polymer nucleation decreased which expedited the ensuing the crystallization 
process. We believe our introduced morphology control strategy is adaptable for the assembly of 
other molecular systems and is not specific to the specific system demonstrated here. 
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5.2 RESULTS AND DISCUSSION 
Complementary dynamic template design. In our previous works we comprehensively 
established that the dynamic substrate chemistry is detrimental to the CP multiscale assembly 
during solution coating. Strong CP-substrate interaction decreases the free energy barrier to 
heterogeneous nucleation and expedites polymer thin film crystallization. Therefore, we 
hypothesize that introducing complementary binding sites further enhances the CP-substrate 
interactions and promotes CP crystallization. Recently, we laid the foundation for this notion by 
fabricating ion gel dynamic templates comprising of the mixture of e-P(VDF:HFP) fluoropolymer 
(FP) and [EMIM][TFSI] ionic liquid (IL) to template CP crystallization. Molecular dynamics 
simulations demonstrated that while e-P(VDF:HFP) preferentially interact with CP side chains, 
[EMIM][TFSI] mainly interact with the conjugated backbone118. Such complementary interactions 
led to a drastically enhanced crystallinity and alignment of solution coated CP thin films 
outperforming both neat phases. A phenomenon which we ascribe to the cooperative multivalent 
binding commonly reported in biological systems, facilitated by fast reconfigurability of the IL-
rich templates. 
To test this hypothesis further in this work, we added EG as another complementary component 
to our templates due to its highly polar O-H functional groups which can potentially interact with 
the conjugated backbone of the D-A polymer. We investigate the crystallization of a high-
performing semi-crystalline diketopyrrolopyrrole (DPP)-based D-A polymer (DPP-BTz)21, 134 
from chloroform solution employing a meniscus-guided coating (MGC) technique to mimic the 
physics of high-throughput roll-to-roll printers26, 118, 135 (Figure 5-1). Three pure templates with 
highly polar or charged functional groups and three of their mixtures were selected to establish the 
relationship between template properties and CP thin film morphology. 
(XII) Kai-Yu Huang helped with performing ATR-FTIR. 
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Templates are including e-P(VDF:HFP) fluoropolymer (FP), ethylene glycol (EG) hydrogen-
bonded liquid (EG) and [EMIM][TFSI] ionic liquid (IL) (chemical structures depicted in Figure 
5-1). Liquid templates including EG, IL and their binary mixtures (EG:IL) are constructed by 
infiltrating them in nanoporous membranes supported by glass substrates to ensure their 
compatibility with MGC118. However, gel templates including FP (neat FP, binary FP:IL and 
ternary FP:EG:IL) possess higher mechanical integrity and are prepared by spincoating 
corresponding Acetone solutions on glass substrates. It should be noted that EG and FP weren’t 
compatible to make a homogeneous gel substrate and we were unable to use EG:FP for this study. 
 
Figure 5-1. Complementary dynamic templates for meniscus-guided coating of conjugated polymer 
films. Schematic (not to scale) of meniscus-guided coating (MGC) on the dynamic templates. The arrow 
indicates the coating direction. Molecular structures of DPP-BTz conjugated polymer, e-P(VDF:HFP) 
fluoropolymer, ethylene glycol and [EMIM][TFSI] ionic liquid is depicted. 
 
To evaluate our design principles, we carried out attenuated total reflectance Fourier transform 
infrared (ATR-FTIR) spectroscopy to investigate what moieties on CP and templates are involved 
during their interactions(XII). To guarantee the maximum contact between the CP and templates, 
first each template was blended with DPP-BTz solution to the level of saturation and then it was 
drop cast for IR measurement. Regarding DPP-BT, we focused on two regions: 1-Symmetric and 
asymmetric CH2 stretching associated with CP alkyl chains (Figure 5-2a) and 2-Asymmetric C=C 
stretching of the conjugated backbone211 (Figure 5-2b). While side chain CH2 stretching (2850-
2925 cm-1), peaks are shifted to higher wavenumbers for CP-FP, other templates have negligible 
134 
influence on peak shape and position. Contrarily, the backbone C=C peaks (1543-1546 cm-1) are 
shifted to lower wavenumbers for all templates except FP. This observation suggests that FP 
mainly interact with the CP side chains but EG and IL interact with the conjugated backbone. An 
observation which is in agreement with previous MD simulations118 (presented in chapter 2 and 4 
of the thesis). Next, we turned our attention to templates characteristic absorption peaks and how 
blending them with CP would influence those peaks (Figure 5-2c-f). We expect moieties around 
electronegative atoms in FP and EG (Fluorine and Oxygen) to be responsible for interacting with 
CP. FTIR data verifies this notion and shows that FP CF2 stretch (1130-1180 cm
-1) shows peak 
shift to lower wavenumbers and EG O-H stretching peak (3300-3310 cm-1) is moved to higher 
wavenumbers212. In addition, IL cation imidazole C-H (3105-3165 cm-1) and IL anion SNS peaks 
(1030-1055 cm-1) move to higher frequency showing favorable interactions of both IL charged 
species with the CP182. These peak shifts are ascribed to the change in chemical environments of 
corresponding stretching modes due to strong interactions between templates and CP. It should be 
noted that the extent of peak shift is irrelevant to these results since we cannot control the amount 
of template miscible with the CP solution. 
(XII) Prapti Kafle performed GIXD measurements. 
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Figure 5-2. ATR-FTIR spectroscopy of DPP-BTz and templates mixtures. Absorbance spectra of 
DPP-BTz (a) alkyl side chain CH2 symmetric and asymmetric stretching and (b) backbone C=C asymmetric 
stretching and their corresponding peak shift as a function of template-CP mixture. Absorbance spectra of 
(c) FP CF2 stretch, (d) EG O-H stretch, (e) C−H vibration of the imidazolium ring of IL cation and (f) SNS 
antisymmetric vibration of IL anion. Corresponding peak shifts are summarized in the inset. It should be 
noted that selected characteristic peaks are chosen to have the least interference from the mixture’s other 
component. 
 
DPP-BTz Template-Dependent Multiscale Morphology. Next, we characterized DPP-BTz 
thin film morphology to uncover the role of substrate multivalent interactions in guiding 
crystallization during solution coating. We analyzed degree of alignment and crystallinity as well 
as preferred molecular orientation in multiple length scales using the combination of cross-
polarized optical microscopy (C-POM), ultraviolet–visible spectroscopy (UV-vis), atomic force 
microscopy (AFM) and grazing incidence X-ray diffraction (GIXD). 
Figure 5-3a summarizes C-POM images showing an enhanced optical birefringence of DPP-BTz 
thin films by diversifying the template chemical composition. Agreeing with our previous reports 
and inferring from UV-vis and GIXD results (discussed later), the polymer backbone is oriented 
perpendicular to the coating direction. Therefore, the C-POM image obtained with the coating 
direction oriented 0° and 45° rotated relative to the cross-polarizer axis would be the darkest and 
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brightest images, respectively. To quantify thin film anisotropy, we calculated the normalized 
average intensity difference (RC-POM) of samples from RC-POM= 
𝐼45-𝐼0
𝐼0
, where I0 (I45) is the average 
intensity of the image taken parallel (and 45 degrees rotated) with respect to the coating. Polymer 
films with higher degree of alignment and/or crystallinity exhibit larger RC-POM since the absolute 
value of I0 (I45) would be larger (smaller). Figure 5-3b summarizes the template-dependent RC-
POM. While rigid FP-coated DPP-BTz films are almost isotropic (RC-POM=1.1±0.1), RC-POM for 
dynamic EG- and IL-templated films reach 6.5±1.1 and 10.3±0.5, respectively. The optical 
birefringence was further increased for films deposited on complementary hybrid templates 
compared to their neat constituents with the maximum RC-POM=20.1±1.4 corresponding to the 
ternary template. We ascribe this phenomenon to the increase in CP thin film alignment and/or 
crystallinity26 due to the strong multivalent interactions as a result of introducing complementary 
sites for template-CP binding. In addition, analyzing images obtained at higher magnification of 
50X (Figure 5-3 c,d) essentially demonstrate the same trend. 
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Figure 5-3. C-POM measurements of DPP-BTz thin films deposited on various substrates. C-POM 
images with the coating directions (single arrows) parallel and 45 degrees with respect to the cross-polarized 
light obtained at (a) 10 X and (c) 50X magnification. The orientation of crossed polarizers is denoted as 
crossed arrows. All scale bars are (a) 100 μm and (c) 20 μm. With increasing diversity of the dynamic 
templates, stronger birefringence effect is observed in DPP-BTz thin films. Upon rotation, the whole C-
POM image uniformly varies in intensity which indicates that the film is highly aligned at the macroscale. 
(c and d) The normalized average intensity difference (RC-POM) as a function of template composition for 
(c) 10X and (d) 50X images. Larger values correspond to higher birefringence of the polymer film. RC-POM 
is independent of thickness because it is normalized by I0 and we avoided cracks in the image analysis. 
 
We further confirmed the superior in-plane alignment of CP films deposited on multicomponent 
templates via polarized UV-vis measurements and found out template-dependent conformation 
transition. Figure 5-4a summarizes the normalized UV-vis absorption spectra for the solution 
coated DPP-BTz films, with the polarized light parallel and perpendicular to the coating direction. 
Higher intensity of the absorbance spectra perpendicular to the coating direction suggest that 
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polymer backbone assemble preferentially perpendicular to the coating direction. This is because 
the transition dipole main component is along the long axis of the conjugated backbone. In-plane 
molecular ordering of the CP thin film was quantified by the 0-0 vibrational peak dichroic ratio 
comparing the intensity of the polarized UV-vis spectra parallel (Ipar) and perpendicular (Iper) to 
the coating direction: RUV-vis = Iper/Ipar. As expected RUV-vis was close to unity (1.5±0.1) for the neat 
FP-templated films and significantly increased on dynamic templated films reaching 5.3±0.4 and 
6.3±0.8 for EG and IL, respectively. All three multicomponent complementary templates exhibited 
higher RUV-vis compared to their neat components with the ternary system having the highest value 
of 8.2±0.5. It is important to note that RUV-vis provides a lower bound to the degree of alignment 
depending on polymer chain curvature and its solid-state conformation159, 162. These results further 
confirm the synergy between binary and ternary templates components and signify the role of 
multivalent binding sites in promoting CP crystallization. As a result of increasing in-plane 
alignment from the single- to multi-component templates, signatures of enhanced J-aggregation in 
perpendicular scan and H-aggregation in the parallel scan was recognized. In the perpendicular 
(parallel) spectra the 0-0 peak position exhibited a blue (red) shift from 874 to 850 nm (879 to 889 
nm) and 0-0/0-1 peak ratio changed from 1.2 to 0.9 (1.3 to 2.0)107. Thus, UV-vis measurements 




Figure 5-4. UV-vis analysis of DPP-BTz thin films coated on various substrates. (a) Polarized UV-
vis normalized absorption spectra of DPP-BTz films coated on single- and multi-component systems 
measured when the film coating direction is parallel ‘∥’ (blue) or perpendicular ‘⊥’(red) to the axis of the 
polarizer. parallel and perpendicular relative to the coating direction. (b) Polarized UV-vis dichroic ratio as 
a function of template composition. (c) 0-0 peak position and (d) 0-0 to 0-1 vibronic peak ratio as a function 
of template composition for measured with the coating direction parallel (blue) and perpendicular (red) to 
the polarizer axis. 
 
Followed by C-POM and UV-vis measurements at macroscale, we used AFM to determine the 
mesoscale morphology of DPP-BTz films. AFM height images are summarized in Figure 5-5a 
showing much larger domain size in the dynamic templated films compared to films coated on 
rigid FP. However, within the dynamic templates the thin film morphology seems to be 
comparable, and the only difference is that films on binary and ternary templates become smoother. 
Furthermore, by employing AFM we determined film thickness to be ~70±5 nm (Figure 5-5b). 
Thus, all our morphology characterizations are independent of substrate and enable us to directly 
compare films coated on various templates. 
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Figure 5-5. AFM measurements of DPP-BTz thin films coated on various substrates. (a) Tapping-
mode AFM height images of solution-coated DPP-BTz thin films. The arrows indicate printing direction. 
All scale bars are 1 μm. (b) Template-dependent film thickness determined from cracks within the films. 
 
Next, we used GIXD to assess template-dependent molecular ordering of the crystalline domains 
demonstrating that the highest relative crystallinity and alignment is correlated with 
multicomponent dynamic templates. Figure 5-6a summarizes the GIXD diffraction patterns of 
parallel and perpendicular measurements on single- and multi-component substrates. Similar to 
our previous reports there was a ‘face-on’ to ‘edge-on’ transition in out-of-plane stacking along 
with increasing in-plane backbone alignment from films coated on rigid FP substrate to the 
dynamic-templated ones. For dynamic templates, we observed more intense ‘edge-on’ π-π 
stacking peak when the incidence beam was perpendicular to the coating direction due to preferred 
orthogonal to the coating backbone alignment (observed from UV-vis as well). To quantify the in-
plane molecular alignment, we compared the normalized ‘edge-on’ (83<<88) π-π stacking 
peak areas with the incidence beam parallel (A∥) and perpendicular (A⊥) to the coating direction 
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using GIXD dichroic ratio: RGIXD=A⊥/A∥. Figure 5-6b summarizes the template-dependent 
dichroic ratios. By adding the second component to the dynamic templates and making binary 
dynamic templates, RGIXD was increased from 8.4±2.0 (EG) and 13.3±3.0 (IL) to 37.5±6.2 (IL:EG) 
and 29.7±8.2 (IL:FP). As expected, the highest value was obtained from the ternary system with 
RGIXD=50.6±7.5, corroborating the C-POM and UV-vis results. Higher RGIXD compared to RUV-vis, 
besides that UV-vis yield the lower limit of alignment as discussed above, is because unlike UV-
vis, GIXD only probes the crystalline domains and not amorphous portions of the film.  
Furthermore, we observed systematic increase in the intensity of both perpendicular and parallel 
lamellar (200) peaks (Figure 5-6c,d) as well as perpendicular π-π stacking (010) peaks by 
transitioning from the neat to multicomponent templates. As chemical composition of the template 
become more diverse, both peak intensity and peak area (independent of polar angle (χ) values) 
become larger due to higher population of crystalline domains. Thus, we approximate that relative 
degree of crystallinity (rDoC) is enhanced on multicomponent systems and the most crystalline 
film is obtained from the ternary template. To quantitatively confirm this point, constructing pole 
figures to calculate rDoC is necessary. Figure 5-6f,g show that packing distances in dynamic 
templates are essentially invariant. 
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Figure 5-6. GIXD characterizations of DPP-BTz films coated on various templates. (a) GIXD 
diffraction patterns with the incidence beam parallel (top) and perpendicular (bottom) to the coating 
direction. (010) and (200) peak are distinguished. Path length corrected intensity of the (b) Dichroic ratio 
of ‘edge-on’ π-π stacking peaks for DPP-BTz polymer thin films dependent on the template chemical 
composition. FP-coated films were isotropic in-plane (RGIXD~1), while dynamic template-coated films were 
highly anisotropic (RGIXD>>1). Ternary template with complementary binding site showed the highest RGIXD 
exceeding 50. Lamellar (200) stacking peaks obtained from sector cuts with−5° < χ < −10° (c) perpendicular 
and (d) parallel to the coating direction. (e) π-π stacking peak (010) obtained from sector cuts with −88° < 
χ < −83° perpendicular to the coating direction. Given the high alignment of the dynamic templated films 
parallel π-π peaks have very low intensity and that’s why are not summarized here. (f) π-π and (g) lamellar 




In conclusion, we designed dynamic templates capable of strong multivalent interactions with 
CP molecules during large-area solution coating. Template chemical composition was diversified 
to enhance active binding sites for CP-template interactions using a fluoropolymer (FP), a 
hydrogen-bonded liquid (EG) and an ionic liquid (IL). FTIR measurements showed that FP interact 
mainly with the alkyl side chain of the CP molecule whereas EG and IL interact dominantly with 
the conjugated backbone. This validates our rational design of multicomponent dynamic templates 
with complementary multivalency to enhance CP-template interactions. We studied template-
dependent morphology properties of solution coated DPP-BTz thin films using a combination of 
C-POM, UV-vis, AFM and GIXD. Our results suggest that DPP-BTz films coated on 
multicomponent templates have significantly higher alignment and crystallinity compared to their 
pure constituents with the ternary template-coated films having the maximum value. Regarding 
the polymer alignment, CP films coated on the ternary template RC-POM and RGIXD exhibit 2- and 
4-fold increase compared to IL exceeding remarkable values of 21 and 51, respectively. Moreover, 
π-π (010) and lamellar (200) stacking peaks for the DPP-BTz films coated on the complementary 
templates have >2 times higher intensity/area compared to the best single-component template 
(IL). These results corroborating with higher intensity of C-POM images is indicative of higher 
relative crystallinity of multicomponent dynamic templates. 
Therefore, I established that employing dynamic templates capable of multivalent interactions lead 
to enhanced molecular ordering in solution coated CP thin films. We attribute this phenomenon to 
the reduced CP nucleation free energy barrier which result in expedited crystallization process. 
The synergy between faster crystallization and flow-induced crystallization in meniscus-guided 
coating lead to CP thin films with significantly improved alignment and crystallinity. This concept 
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can adapt generally to the rational design of material- and process-agnostic templates for directing 
molecular assembly. 
5.4 METHODS 
Dynamic template preparation. We constructed liquid templates by infiltrating liquids in 
nanoporous anodized aluminum oxide (AAO) Whatman® Anodisc membranes (purchased from 
Sigma-Aldrich) supported by glass substrates to form a semi-solid substrate compatible with large-
scale solution coating. Pore size and diameter of AAO membranes were 200 nm and 1.3 mm, 
respectively. Liquid templates include ethylene glycol (EG) (99.8% anhydrous purchased from 
Sigma-Aldrich) and 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
([EMIM][TFSI]) (≥98% purchased from Solvionic). Both liquids were stored in nitrogen glove 
box prior to use as received. EG:IL binary template was prepared by mixing 20 wt% EG and 80 
wt% [EMIM][TFSI] for >3 hours at room temperature and making template/AAO/glass semi-solid 
substrates. 
To prepare ion gel dynamic templates we first dissolved the polyvinylidene fluoride-co-
hexafluoropropylene e-P(VDF:HFP) with VDF to HFP molar ratio of 55:45 (Dyneon 
Fluoroelastomer FE purchased from 3M Company) in acetone (Optima grade, Fisher Scientific) 
at room temperature stirring for >3 hours. Next, we added IL or EG:IL mixture to e-P(VDF:HFP) 
solution and stirred for >2 hours to ensure full dissolution. The weight ratio among e-P(VDF:HFP) 
and acetone was kept at 1:8. For binary and ternary gel templates [EMIM][TFSI] and EG weight 
was adjusted to make 1:9 weight ratio of e-P(VDF:HFP):[EMIM][TFSI] (FP:IL) and 1:2:7 weight 
ratio of e-P(VDF:HFP):EG:[EMIM][TFSI] (FP:EG:IL). The clear and homogenous solution was 
spin-coated on glass substrates at 2500 rpm for 1 minute using on-the-fly-dispensing method196. 
The substrates were then left to dry overnight at room temperature in an inert environment 
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(Nitrogen glovebox). We avoided annealing the substrates at high temperature to avoid 
evaporation of EG from the ternary templates.  
Fourier transform infrared (FTIR) spectroscopy. FTIR measurements were conducted using 
a Nicolet iS5 FTIR spectrometer at ambient temperature, in the range of 400–4000 cm−1 with a 
wavenumber resolution of 1 cm−1 (step size of < 0.5 cm-1). Samples were prepared by mixing 
various templates with the CP solution (>3 hours) and then drop cast the resulting solution on a 
gold-coated corning glass substrate. Measurements were carried out after the solvents were 
completely removed from the samples. The major peaks were identified using 
the OMNIC software (Nicolet Instruments Corp.) and when fitting was necessary Igor Pro 
software was employed. 
Conjugated polymer thin film fabrication. Poly[[2,5-bis(2-octadecyl)-2,3,5,6-tetrahydro-3,6-
diketopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt-(2-octylnonyl)-2,1,3-benzotriazole] (DPP-BTz) 
(Mn=176 kg.mol
-1 and PDI=2.5) was synthesized as reported before21, 134. DPP-BTz was dissolved 
in anhydrous chloroform (Macron ACS grade) to prepare 5.0 mg.mL-1 solution. To ensure that all 
of the polymer is dissolved, the solution was stirred >3 hours until a clear homogeneous solution 
was obtained. A meniscus-guided coating (MGC) method was used to cast DPP-BTz thin films118. 
The MGC setup involves a stationary substrate and a moving ODTS-treated Si blade with the CP 
ink sandwiched in between. The blade was tilted by 8°, with the blade edge set 100 μm above the 
substrate surface for the film deposition process. The substrate temperature was fixed at 25 °C and 
the speed of the blade was set at 0.25 mm.s-1. We confirmed experimentally that all templates are 
practically immiscible with the CP ink solution during the fast solution coating process. 
For C-POM, AFM, and GIXD measurements, as-coated polymer films were transferred to 
ODTS-functionalized silicon wafer with 300 nm thermally grown SiO2 by the following procedure 
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(see previous reports26, 118 for ODTS modification details). For films coated on dynamic liquid 
templates, first the CP/liquid/AAO hybrid was placed upside down on the ODTS substrate. Then 
plenty of an inert liquid (EG) was added on top to enforce the CP film attachment to the ODTS 
substrate. After >5 minutes AAO membrane was delicately removed and the transferred films were 
subsequently immersed in Acetonitrile for at least 5 minutes to remove the residual liquids. For 
dynamic gel templates, first as-coated films were placed inversely atop an ODTS substrate in a 
glass petri dish and sandwiched with another glass substrate to avoid movement. After establishing 
the interface contact, the whole sandwiched structure was immersed in an orthogonal solvent 
(acetonitrile) that is capable of dissolving ion gel template but keeping the CP film intact. After 
the film was completely transferred, the ODTS substrate with conjugated polymer film atop was 
immersed in fresh acetonitrile bath for another 12 hours to remove remaining residuals. Finally, 
the ODTS substrate with the transferred film atop was dried with Nitrogen gas and stored in an 
inert glove box overnight to remove the remaining acetonitrile. This generic transfer method 
allows for direct comparison across the series of substrates and avoids the active layer of 
semiconductor being doped by the template. Therefore ODTS-modified substrate served as mutual 
substrate for all morphology characterizations and device fabrication enabling direct comparison 
across templates.  
DPP-BTz Thin film morphology characterizations. We visualized polymer films using a 
Nikon Ci-POL crossed polarized optical microscope was used for visualizing DPP-BTz thin films 
and observing the optical birefringence. Samples were centered on a microscope stage so that the 
obtained images correspond to the same area while the stage was rotated. To quantify the polymer 
film alignment, we calculated the normalized average intensity difference (RC-POM) by comparing 
the intensity of C-POM images oriented parallel and 45° rotated relative to the polarizer axis using 
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“Image J” software158. Solid-state transmission UV-Vis spectroscopy measurements were carried 
out at room temperature via Agilent Cary 60 UV-Vis spectrometer. The incident light was 
polarized vertically via a broadband sheet polarizer. As-coated films on various templates were 
scanned within the wavelength of 400-1000 nm followed by manually subtracting template 
background spectra. To determine polymer chain alignment, UV-vis spectra was recorded with the 
coating direction parallel and perpendicular to the polarizer axis. Tapping mode AFM 
measurements were carried out using an Asylum Research Cypher instrument (Asylum Research), 
to assess solution-coated DPP-BTz thin film mesoscale morphology as well as determining the 
corresponding film thickness. Grazing-incidence X-ray diffraction (GIXD) was performed at the 
small-wide-angle X-ray scattering beamline 8-ID-E at the Advanced Photon Source (Argonne 
National Laboratory) with an X-ray wavelength of 1.6871 Å (Ebeam=10.92 keV), at a 208 mm 
sample-to-detector distance164. A two-dimensional Pilatus 1M detector was used for data 
collection. The incidence angle was 0.14 and the exposure time was 10 s. During the 
measurement, the samples were placed in a helium chamber, with a 228-mm sample-to-detector 
distance. Each sample was scanned at various in-plane rotation angles () by rotating the substrate 
with respect to the incidence beam by 0 (parallel) and 90 (perpendicular). Data analysis was 
performed with the software GIXSGUI, which includes a correction for the polarization of the 
synchrotron x-ray beam163, 165. The edge-on π-π stacking peak and the lamella stacking peak were 
obtained from a sector cut between -88⁰<χ<-83⁰ and -10⁰<χ<-5⁰ respectively from the 
geometrically corrected image. To accurately calculate the peak areas, multipeak fitting was 
performed with Igor Pro on the intensity vs. q curve obtained from each line cut along the  axis. 
The purpose was to deconvolute the - stacking peak from the amorphous ring, SiO2 scattering 
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and the ODTS peak. The π-π stacking peak was fitted with a Lorentzian function to obtain the peak 


















CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS 
6.1 CONCLUSIONS 
In my thesis, I introduced the concept of dynamic-template-directed assembly for expediting 
crystallization of conjugated polymers to alleviate the time-scale mismatch during scalable 
solution printing methods. The feasibility of this approach was demonstrated by designing ionic 
liquid-based dynamic templates compatible with large-area solution coating and studying 
morphology properties of two model donor-acceptor conjugated polymers. As a result, the 
outcoming IL-templated thin films exhibit large crystalline domains exceeding several microns in 
width and a centimeter long. In-plane alignment is improved significantly and in the best-case 
scenario 82% of the polymer chains are unidirectionally aligned. Crystallinity of the films and 
crystalline domains ordering are also promoted. These results led to superior charge transport 
mobility along both the polymer backbone and the π-π stacking direction, with the favorable charge 
transport tunable with controlling the degree of alignment. Our simulations showed formation of 
an enriched polymer layer at the IL-solution interface (only when ions are dynamic and free to 
move) due to strong interaction between ions in IL and backbone in conjugated molecules. This 
concentrated layer decreases the nucleation barrier and expedites crystallization that in synergy 
with solution coating fluid flow enhances the alignment and crystallinity of printed conjugated 
polymer films. 
To establish general design rules for dynamic templating approach, the role of template dynamics 
and chemistry was systematically studied. I employed a calorimetry method to directly quantify 
the enthalpy of polymer adsorption to various templates and found that both dynamics and 
chemistry are crucial for effective and strong interactions. I first studied the role of template 
reconfigurability by comparing two hydrogen-bonded liquids with similar chemistry and 
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dramatically different dynamics (characterized by viscosity). As a result, adsorption enthalpy was 
two-fold higher for the less viscous template. Such difference in the strength of interactions led to 
significant difference in solution-coated thin film morphology regardless of coating speed (within 
3 orders of magnitude). The film coated on template with stronger interactions exhibited an order 
of magnitude larger crystallites, three times higher relative crystallinity and significantly higher 
in-plane alignment. Correspondingly, charge carrier mobility was improved over 10 times. Next, 
I compared three different ionic liquids and the hydrogen-bonded liquid which had the same 
reconfigurability (viscosity) but different chemistry. Our morphology results where again in 
agreement with the trend of enthalpy of adsorption obtained from calorimetry. Films coated on 
templates with stronger interaction with conjugated polymer exhibited larger crystalline domains, 
and higher degree of alignment and crystallinity. In summary, I found that dynamic templates 
should have both fast dynamics and functional groups with high affinity with the conjugated 
polymer to be able to effectively expedite crystallization of printed thin films. 
I further developed the next generation of dynamic templates from ion gels with widely tunable 
dynamics through modulating gel composition (polymer matrix to liquid phase ratio). 
Comprehensive multiscale morphology characterizations of ion gel-templated polymer thin films 
showed dramatic changes when IL content increased from 0 to 80-90 wt%. Some examples are, 3-
5 times higher macroscopic alignment, 50 times higher order of in-plane crystallites, up to 50% 
improved relative degree of crystallinity and a transition from ‘face-on’ to ‘edge-on’ packing. Such 
drastic morphology change is attributed to enhanced template-polymer interactions which lead to 
faster crystallization. Charge transport mobility as a result of these morphological transitions was 
improved almost an order of magnitude compared to devices templated by neat polymer matrix. 
Finally, bifunctionality of the ion gels as both dynamic template and high capacitance dielectric 
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layer is demonstrated showing exceptional field-effect transistor performance exceeding 11 
cm2V−1s−1. I also discovered a surprising synergistic effect that the templates with 80-90 wt% IL 
content outperformed the neat components. Simulation studies suggested that this effect arise from 
cooperative multivalent binding with the conjugated polymers. 
To test the hypothesis that cooperative multivalent binding can enhance crystallization of 
conjugated polymers, I designed dynamic multicomponent systems. The dynamic template 
composition was diversified by complementary functional moieties including an ionic liquid, a 
hydrogen bonded liquid and a fluoropolymer. From infrared spectroscopy we demonstrated the 
favorable interactions of the conjugated polymer with all templates. Characterizing conjugated 
polymer thin film morphology, consistent with previous results presented in my thesis, showed 
higher ordering and remarkable crystallinity evident from up to 4 times higher dichroic ratio and 
2-fold higher π-π peak area compared to the neat ionic liquid template. 
Throughout my thesis, I used various approaches to show the generality of my results. Three 
different donor-acceptor conjugated polymers were studied as model systems. Moreover, a variety 
of dynamic liquid-infused templates (ionic and hydrogen-bonded) and hybrid gels were 
demonstrated to be effectively enhancing crystallization of conjugated polymers. We also showed 
that our results are independent of coating speed and solution concentration. Thus, we believe that 
dynamic-template-directed assembly can generally be applied to a wide range of molecular systems to 
realize high degree of morphology control otherwise challenging to achieve. 
6.2 APPLICATION IN MANUFACTURING PRINTED FLEXIBLE ELECTRONICS 
Although in the past three decades charge transport mobility of polymer semiconductors is 
improved over 6 orders of magnitude thanks to molecular engineering, there is no wide-spread 
flexible electronic device in the market. On the other hand, almost all research articles reporting 
on fabricating high performing device based on semiconducting polymers use rigid and brittle 
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substrates such as glass and silicon wafers. Therefore, it is necessary to use fabrication methods 
that enable using flexible substrates and deploy the full potential of conjugated polymers. 
My work and the developed fabrication technique can contribute to fabrication of all-printed 
high-performing devices based on conjugated polymers due to three main advantages. First, films 
coated on dynamic templates are highly aligned and crystalline and therefore with high carrier 
mobility which is sufficient for even display applications. Second, films coated on dynamic 
templates can be transferred to many secondary substrates, due to generic film transfer methods 
introduced throughout my work, such as flexible and plastic substrates by simple stamping method. 
Finally, we can use solution-processable ion gel dielectric layers that can effectively template 
polymer crystallization at the same time to also print this component of electronic devices. 
Therefore, fabrication of all-printed flexible devices with high performance is feasible. With the 
introduced strategy a variety of flexible devices such as light-emitting diodes for display 
applications, integrated circuits, sensors and even solar cells can be manufactured in scalable 
manner. 
6.3 APPLICATION IN MONOLAER CHEMICAL SENSORS 
Organic field effect transistors (OFETs) have been used for chemical sensing with promising 
applications in healthcare monitoring. Performance of chemical sensors relies on the interaction 
between organic semiconductor binding sites with analytes. Therefore, sensitivity and response 
time of OFET-based chemical sensors is directly proportional to surface area of the active channel 
exposed to react. Theoretically the highest sensitivity and fastest response time is expected from a 
monolayer semiconducting layer that the whole active channel can react with the chemical of 
interest. However, fabricating monolayer devices with reliable charge transport mobility is a 
daunting task leading to alternative indirect methods to expose the active channel such as 
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introducing thorough holes in the semiconducting layer. Throughout my work, I have shown that 
by using dynamic templating we are able to precisely tune the thickness of printed conjugated 
polymer thin films with high charge transport mobility. By employing both DPP-based and PII-
based donor-acceptor polymers dynamic-templated monolayer (and multilayer) films in large area 
can be obtained which are highly sensitive and very cost effective due to the low amount of 
material used in ultrathin films. This is in stark contrast with the thicker films were the 
semiconducting layer at the active channel usually is buried further away from the analyte. By 
utilizing dynamic templating method, the resulting printed films can be transferred to any substrate 
including flexible ones. In addition, fabricating monolayer OFET-based chemical sensors offers a 
special opportunity to study the working mechanism of chemical sensing and establishing 
guidelines for molecular design and process optimization. This application is highly important 
given its relevance to health monitoring and environmental sensors. 
6.4 FUTURE DIRECTIONS 
The dynamic templating is demonstrated to be an effective strategy for enhancing crystallization 
of conjugated polymers. Despite the progress showed in my thesis to understand this phenomenon 
and fabricate highly ordered conjugated polymer films, this is just the starting point of this method. 
Dynamic templates are a great platform to better understand conjugated polymer assembly, 
crystallization kinetics and cooperativity as well as finding new applications for fabricating high 
performing organic electronics. Some suggestions for future studies are further elaborated below. 
Conjugated polymer crystallization kinetics measurements. Based on our computational and 
experimental results, our hypothesis is that the dynamic templates expedite conjugated polymer 
crystallization by lowering the free energy barrier to nucleation. To further evaluate this notion, it 
is necessary to quantify crystallization kinetics using in situ measurements such as in-situ 
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microscopy, UV-vis spectroscopy and X-ray scattering. We demonstrated that ion gel templates 
with tunable dynamics modulate how effective dynamic templates are. Thus, ion gel templates can 
be a unique platform to study the onset of nucleation. The onset of nucleation would result in 
unique characteristics detectable by the above-mentioned techniques. These features include 
change in birefringence under in-situ cross-polarized microscopy, peak shifts in the molecules 
electronic structure detectable with UV-vis and appearance of lamellar peaks in grazing-incidence 
wide-angle X-ray scattering. We expect that as the system become more dynamic the 
nucleation/aggregation start earlier. The challenging parts of this proposal is the low birefringence 
of conjugated polymers, developing the in-situ UV-vis measurement platform and avoiding the 
interfering background of the ion gel templates during X-ray measurements (originating form ionic 
liquids). These issues can be resolved by employing larger polymer molecules (higher molecular 
weights), exploring marginal solvents and finding dynamic templates without significant 
backgrounds in the regions of interest. 
Cooperativity in dynamic-template-directed assembly. Our molecular dynamics simulations 
showed formation of a highly concentrated layer of polymer molecules near the dynamic IL 
templates which we ascribed to the strong multivalent polymer-template bindings. Furthermore, 
our multicomponent dynamic templates exhibited a synergistic templating effect that is attributed 
to the complementary interactions with the assembling polymer. These two observations resemble 
positive cooperative assembly in biological systems. To test whether there is cooperativity in the 
dynamic-template-directed assembly, we can study the polymer aggregation using spectroscopy 
methods such as UV-vis and NMR. The level of cooperativity can be modulated by template 
composition and dynamics which can be characterized by how fast degree of aggregation changes 
via polymer concentration (known as Hill plot213). 
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Studying polymer conformation transition during assembly. Another consequence of strong 
interaction between dynamic template and conjugated polymer during interface-directed 
crystallization is polymer conformation change. Our hypothesis is that dynamic templating 
enhances the strength of intermolecular interactions. As a result, polymer conformation for 
individual molecules as well as aggregates characteristics would be modulated. To investigate this 
phenomenon a series of conjugated polymer with various conjugation length (the degree of 
planarity) can be used to study how dynamic templates influence assembly pathways. We predict 
that more flexible conjugated polymers to be more susceptible to conformation change since we 
observed a more dramatic impact of dynamic templating method on their thin film multiscale 
morphology. 
Dynamic templates for all printed patterned polymer-based FETs. Substrate patterning is a 
challenging but much needed task for fabricating solution-printed integrated circuits based on 
polymer semiconductors. So far, no scalable solution-coating technique is suggested for localizing 
conjugated polymer given that conventional lithography methods are not applicable to selective 
wetting of high-viscosity polymer solutions. This issue can be tackled via solution processable ion 
gels that can be used both as the dielectric layer and templating substrate for polymer 
crystallization (demonstrated in chapter 4). Enhanced wetting properties of ion gels, even at very 
high coating speeds result in a large wetting contrast vs. hydrophobic surfaces (ODTS-modified , 
etc.) and enables developing an effective patterning strategy. My suggested approach is using 
simple scalable printing methods such as inkjet or pen writing to cast ion gel patterns (wetting 
region) on a non-wetting substrate for polymer solution (ODTS). Next, a meniscus-guided coating 
technique similar to the one employed in my thesis can be lined up to deposit the semiconducting 
polymer on the ion gel (there will be no deposition on the non-wetting substrate) followed by 
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depositing conductive inks (electrodes) similar to the ion gel deposition. The challenge associated 
with this method will be optimizing the deposition of different components in a reliable and 
repeatable fashion to fabricate stable high performing devices. This strategy is potentially high 
impact since the whole device can be solution processable and arranged in a continuous manner. 
Morphology study of printed conjugated polymers templated by gated dynamic templates. 
It is well-established that small changes in the interfacial properties of dynamic templates can 
modify the multiscale morphology of thin film coated atop dramatically. Applying external electric 
field (gating effect) to the dynamic template can change the composition and orientation of 
molecules at the template-ink interface. Since we observed from our simulation results that ionic 
liquids mainly interact via the cation with the conjugated polymers, gating effect that lead to cation 
enrichment at the template surface can enhance crystallinity of the thin film crystallized atop. This 
method is worthwhile to study because the aating voltage can potentially work as a tool to control 
solution-coated polymer thin film morphology without the need to change template composition. 
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